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I. INTRODUCTI ON

This paper is a report of emp irical results obtained for dif-

fraction of electroma gnetic radiation by an empty circular cylindrical

tube of finite length. It constitutes another in a sequence of

reports 1 ’~ on our investi gations of three dimensional electromagnetic

sca tt ering p r o b l e m s  po ssess i ng intrinsic cylindrical geometry. This

sequence of reports is itself only a part of a more extensive series

of reports on studies of the scattering and diffraction characteris-

tics of conducting enclosures containin g apertures and also the

subsequent interaction and coupling of the penetrating radiation to

elements contained therein.

In this publication we report on a stud y of the response of a

th in walled , h i g h l y  conduc ti ng , c i r c u l a r  cyl inder  of f in it e l e n g th ,

w ide open at both ends , to linearly polarized monochromatic , pla ne ,

electromagnetic radiation at normal broadside incidence. Results

obtained for the induced surface current distribution , the surface

c h ar g e  d e n s i t y  and the rad ia l comp o n e n t of e lec t r ic f ie ld al ong the

axis are presented. Two separate cases are considered for the

incident radiation , namely, I-polarization in which the incident

electric field is polarized parallel to the cylinder axis , and 11-

p o l a r i  z a t  ion in  w h i c h  the magnetic field in the incident pla nL~ w a v e

i~. polarized along the cylinder axis. Figure 1 is a simple illustra-

tion of the geometry of the di ffract ion problem for the first case

1. R . L. Kl igman , I.. F. L ibelo , “S . [ . R . A .  V I I I .  The Norm a l l y Slotted
Infinite Cylinder-Theory ” N OLT R ‘4-35 June 1974.

2 . L. F. L ihel o , C. L . Andre~ s , ‘tS .L .R.A . IX . Surface Current Distri-
butions Over a Closed C y lindrical Can at Broadside Incidence ,”
NSWC/WOL/TR 75-1 63 Februar y 1976.
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Fiqur i- 1. SCATTERING GEOMETRY IDR OPEN ENDED CIRCULAR

CYLINT)RICAL TUBE OF-’ LENGTh L, RADIUS a . 

.— - - • .,----..-——- —.-• •-— • •- - -— —— • • — — - -—- ••• -



NSWC/WOL/TR 76-74

- e - I — p olar i za t ion . F o r  r e a s o n s  of  e c o i i o r v  i n  t ri~ a tid I a ho r he

s t ud y was  focused on each o f t na rep rcseti tat i ye I n i t  e m e t  a 1 11 0

c i r c u l a r  c y l i n d r i c a l  t u b e s ;  t h e  f i r s t  w a s  - . 1 2 5  i n c h e s  (13. c c i :) in

dia meter and 12 i n c h e s  3 0 . 4 8 c m )  l o n g ,  and  t h e  ~- cc o n d cvi iti d et i- is

7 inches (1 - 7 8 c m )  i i i  di ameter a n d  i n c h e s  iii 1en- ~ th - Us G i L , I

pola r i :cd i n c i d e n t  i ’ a d i a t  ion at 12. Scm in w a v i - l e n U t i  m easure m ents

w e r & -  m a d e  o f  t h e  angular and l O n h i  t u d i n : i l comp onents of the s a r i a~-

ci~r r en t  a l o n g  t h e  l e n g t h  an d  a r o u n d  t h e  c I rcu i ’ i  t e  r e n c e  01 t h e  I i  u s

~v 1 i nde  r - For t h e  ~, i y e n  c y l i n d e r  U in c  os oil s a t id  t lie i nc i d e n t  a ‘ C  -

l e n g t h  t h e  p a r a m e t e r s  t h a t  c h a r a c t e r i z e  t h i s  I l r o i ~ 1~~!n ar c  t h e

c i r c u m f e r e n c e  to w a v e l  e n g t h  r a t  H I =2-a / ~~= 3. 8 2 a n d  t h e  r a t  io  o f  t h e

c y l i n d e r  l e n g t h  to w a v e l e n g t h  w h i c h  m e d e n o t e  by  2 h - L 7  = . 3 s  . 1  t H r

p a r a m e t e r  c a n  w i t h o u t  o v e r s t r e t c h i n g  t h e  i m a g in ;l t ion  he  c o i i s i J c r e ~I

to be ~JLr io r_i as y m p t o t i c  in v a l u e . In  add  i t  i o n  to  t h e  s u r

c u r r e n t  d i s t r i b u t i o n  we a l s o  m e a s u r e d  t h e  s u r f a c e  c h a r g e  J - n  - i t

d i s t r i b u t i o n  b o t h  o v e r  t h e  o u t e r  a n d  t h e  i n n e r  s u r f a c e s .  l L c — ~-

s u r f a c e  c h a r g e  dens  i t  i e s  a r e  g i v e n  e s s e n t i a l l y b y t u e  ia r~ .t 1 o t

r a d i a l  c o m p o n e n t  of  e l e c t r i c  f i e l d  a t  t h e  s u r f a c e .  L n f o r t w ~~i t .  1

t h e  m e a s u r e m e n t s  of  s u r f a c e  ch a r ~~e d e n s i t y  w e r e  u n i v  o h t i i n e d  I o r

l I — 1 - o l a i ’ i : e d  i n c i d e n t  r a d i a t i o n .  ~e v e r t h e 1 cs s  t h e  r e s u l t s  i e  st  1

- h i  i te  use  t U  1 and i n  f o r m a t  ly e  . ih e  s e c o n d  c y I i t i d e r  m a  a I so  i r a d i i t t

i t  no ii a l  b r o a d s  i d e  i t ic i d e n c e  w i t h  2 3  - 2 c m  r a d  i i t  i o n .  I or  t h i  s

c y l i n d e r  t h e  t w o  k i s i c  p a r a m e t e r s  a r c  = 2 . 4 0 , fo r t h e  c i  r c i u t e  r e l i c t -

~.a y e  I cn~ t h r a t  t o  , a n d  21i = I) . Th (  f o r  t he Ic i s  t Ii t o  n i  v~- 0 ~ t r~ t o

A l t h o u i g i  t h e  second  c v l  i n d e r  i s  in  f a c t  s h o r t e r  t h a n  t m a \ e  I e n t U

~~~7~
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we st  i l l  a r c  lIt ) t a s y m p  t o t  c by  a n y  m e a n s  - t - T ea u r c o e n  t s o I t h e  t w o

s u r f a c e  c u r r e n t  c o m p o n e n t s  w o r e  m a d e  o v e r  t h e  surface us in U-

p ol arized and  a l s o  i l — p a  l a r i : . e d  i n c i d e n t  r a d i a t i o n  f o r  t h e  s h o r t e r

c y l i n d r i c a l  t u b e .  The s u r f a c e  c h a r g e  d e n s i t y  d i s t r i b u t i o n  on t h e

i n n e r  a n d  o u t e r  s u r f a c e s  w e r e  a l s o  m e a s u r e d  on t h i s  c y l i n d e r  a g a i n

o n l y  f o r  h I - p o l a r i : c U  i n c i d e n t  r a d i a t i o n .  I : or  t h i s  s e c o n d  c y l i n d e r

m e a l s o  m e a s u r e d  t h e  r a d i a l  c o m p o n e n t  of  t h e  e l e c t r i c  f i e l d  a l o n g

t h e  ax i s  o f  the  t u b e .  i h i s  was  done  f o r  b o t h  p 0 1 - a n  :at  ions  of  t h e

n o r m a l l y  i n c i d e n t  r a d i a t i o n .  The r e s u l t s , as we s h a l l  see b e l o w ,

po in t o u t  r a t h e r i n t e r e s t i n g b e h a v i o ur  o f  t h i s  f i e l d  a t  the  t u b e

e n d s  -

S e v e r a l  p o i g n a n t  a s p e c t s  o f  t h i s  s t u d y  s h o u l d  be p o i n t e d  ou t  a t

t he s t - a r t .  T h e s e  s h a l l  he  r e - e m p h a ~ i z ed b e low f r om t i me t o  t in c

w h i t - r e  pe r t  m i - n t  as t h e  d e s c r i p t i o n  of  t he  i n v e s t i g a t i o n d e v e l o p s .

I - j u s t  o f - I l l  i t  s h o u l d  be n o t e d  t h a t  we a r e  m u  r k i n g  in  t h e  d i  I f i c u l  t

r o g i m e -.~i e r e  t i t i -  w a v e l e n g t h  is  c o m p a r a b l e  to b o t h  t h e  l e n g th  and

c i  r c~i :.. Ic F e l i c e  o t  t h e  t a r g e t  c y l i n d e r .  In  t h i s  r a n g e  of  t h e  p a r a m e t e r s

- i n j  ii , i . e .  b e y o n d  t h e  R a y l e i g h  l i m i t  and  w e l l  s h o r t  of  t he  geo-

i c - a l  o p t  i c s  reg ion , ~- e r v  l i t t l e  is  k n o w n  of  t he  d e t a i l s  o f  t h e

s c a t  t o n i n g a n d  d i f f r a c t i o n  c h a r i c t e r i s t  i c s  of t h e  c i r c u l a r

L \  h i n d r i c a l  c o n d u c t  i n g  t u b e  of  f i n i t e  l e n g t h .  T h i s  i s  e s p e c i a l l y

t r ue i ’ ~~ t h e  c a s e  o f  b r o a d s i d e  i n c i d e n c e  on t h e  f i n i t e  m e t a l l i c

cv i i  n d er  . ft i s  r a n g e  of  s i  :e to w a v e l e n  t l i  r a t i o  I s c o m m o n  1 y r e e r r e d

t o  as t h e  r e s o n a n c e  r e g i o n  . I n  t h i  s re ,g i o n  i t  h a s  l i c e  ii f a i r l y  C O i I i f l i O t l

p r a c t i c e  to  use  t h e  e x a c t  s o l u t i o n  t o r  t h e  i n  t i n  i t t -  c i  r c u l  i n  c o n d u c t  i i i ~~
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cylinder to approximate to the scattering characteristics for a

finite cyl inde r in par t icular to the surface curren ts and cha rge

distributions on the outside surface and also of course the near

fields . The exact solution of the problem of scattering by an

infinite , perfectly conducting circular cylinder is a well known

conventional text-book case and as such is available in many references.

We cite only a representative few such references here
3 7

. The same

situation obtains for the interior problem.

It is help ful to put this study in a more proper pe rspec ti ve by

review ing the past attempts to investigate this diffraction problem.

For this purpose we obviously can only resort to the published

papers rela ted to the finite open ended tube. In a preceding publi-

ca t ion8 we presen ted an extensive literature review of the finite

cylinder. In this review we particularly made a point of omitting

any reference to the short , fat , emp ty open ended ci rcular tube.

Since these works are of pointed si gni ficance here we shall the ref ore

reference them in this paper. Thus , for example , the very thin ,

open ende d, hollow tube references can be found in the prev ious

repor t. 
8

T~ J. Van Bladel, “Electromagnetic Fields ” p. 376-382 McGraw- Hill
Book Co. ,  New York , N. Y. 1964.

4. J. J. Bowman , T.B.A. Senio r and P.L.E. Uslenghi , eds . “Electro-
magnetic and Acous tic Scattering by S impl e Shapes ” pp. 92-93 ,
North Holland Co., Ams terdam , the Ne th e r l a n d s  1969 .

S. R.W .P . King and T.T. Wu , “Sca ttering and Diffraction of Wave s ,”
p. 38, Harva rd Univ. Press , Cambr idge , M a s s .  1959 .

6. W . Panofsky and M. Phill ips , “Classical Electricity and Magnetism ”
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I- or the case i l l  t h e  c o n d u c t  i n g ,  c i  r c u l  ~t r , e m p t y  cv  I i r 0 1

f i n i t e  l e n g t h  m d  f i n i t e  d i a m e t e r  no  c a t ~~s f c t o r y  e x a c t  ; m n ; i l v t i c

ge ne ra 1 5 ol U t  i o n  1i as is  ye t p e m  r e d  i n  t h e  I i t e  r~t t u n -  - I u r t l ie  r n o r e

v e t - v  1 i t t  1 ~
- i n  t h e  n iv  o I 1- n i p  i i - i c  a 1 r e s  ul  t s h a v e  h i -e n p r e s e n t e d  i n

t h e  o p e n  l i t  i i - a t  U r i  . The c u r  r r - s p o n d  i ng  p roh leo  o t~ t c- I a t O~ en

e n d e d  f i n  i t o  l c n g t  Ii c v i  i rid r I c a l  a r i t  e i i n ; m  h a s  b r - e n  s u b  i c e  t e d  t o  S o m e

s t u d y  . - \ l t l m n - : l ,  t h i s  i s  n o t  t h e  d i f f r a c t i o n  p r o h l c m  i t  i s  s t i l l

i n f o r : : a t  i y e  to sec  t h e  e x t e n t  t i  m h i c h  p r o g r e s s  ha s  h e e r i  m a d e  i n

s o l v i n g .  t h a t  r e l a t e d  r o h l e m .  T.  T.  iVu ~ h a s  g i v e n  an e x c e l l e n t

r e v i e w  o f  t h e  i n v e s t i g a t i v e  e f f o r t s  r e l a t e d  to  t h i s  p r o h l c n t . I n

h i s  r i - y 1 c - ~ l ie  d i s c u s s e s  ii f u n d a m e n t a l  d i f f i c u l t y  i n h e r e n t  in  t h e

t h i n  m a  l i e d  , c i r c u l a  r , op en t u b e  a f I i n  i t e l e n g t h  wh i cli scr  oti s ly

i m p e d e s  a t t e m p t s  t o  a n a l y t i c a l l y  s o l v e  f o r  t h e  s u r f a c e  c t i r r r - i i t s .

\ e e d l e s s  t o  s ay  t h i s  p r o h l r - m i s  a l s o  p r e s e n t  in  t h e  d i f f r a c t i o n

p rob l en .  I h e  m a j or  i n a l v t  ic e f f o r t  i n  T - 1 . (~~i t  ‘ s p i t - s e n t  a t  i o n

d e a l s  w i t h  v e r y  l o n g  n a v e l  o n g t h s  or  e l s e  t h i  n ion  p t uI ’r- s - C h a n g  10 11

in  h i s  s t u d y  of  t h e  e l e c t r i c a l l y  t h i c k  m o n o p o l e  u n i f o r m l y  d r i v e n

a r o l t i d  t h e  ci  r c u m f e r e n c e , S e s h i a d  r i a n d  W u 12 an t I  u c t i  a nt i  E l  n g 1 
~

1 .  1. ~ u , ‘ ‘ I n t r o d u c t i o n  to  L i n e a r  A n t e n n a s  , ‘‘ C h a p t  . S of  ‘ ‘ A n t e n n a
F h r - o i-v ,‘‘ ‘a r t  1 hy  R . I.  . C ol  l i  n ar i d F .  i .  :uckr ’ t- , t ) c C r a w — l l i  11
Book ( o r i p a n  v , .\ew Yo r b  , 1 POP

10. I .  C .  C h a n  p , ‘‘On t l ie  F i r e  t n  c -a 11 v T h i c k  M o r i o p o l  Pi t  n t  1 —

I h c - o t e t i c a l  S o l u t  i o n  ,‘‘ 1 1 1 . 1  T r a n s . A n t ,  a n d  ‘ r o i l . .\ l - - l O , 5$ ( i P O s ) .
Ii. I t . C.  Ch~in g  , ‘‘On t he  l i t - c t r i c a  1 l y ‘l I t i ck (‘ I i  n U n  c - a l  A n t e n n a  ,‘‘

Tech . Rep t - 5(1 P ( i t t  ft l it ) ci  ra  t a ry , II  a n y u  i-U hi i v . , Camh r i d c -c , ~l;m s s
1 ~) o t

12 - S . F - S e s h i t d  r t , T - T . (c ii , ‘An l i t  t r - g i-a I 1 q n i t  t i o n  f o r  t h e  C u r r e n t
In an \ s v r ’ i~e t  ri ca I ly i c r ivr - n A n t  1- i l n a , ’ P r o c .  I Li:L 5h , 1097 19 07)

13 . -I . T .  iVu , R . i~ .1’ . K i  r i g ,  ‘ ‘ I ’h e Tb i c k  I u h t i l a r  1 r a n s n . i  t t i n g  \ n t e nn ~ i ,‘‘

R adio Sc I - , .2 , 1 0 8 5  ( I  d l  7 )  -
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t ’ u r t h e  r cons  i de  red  t h e  t i n  i c F t : i h u l  a r  a n t e n n a .  T h e y  found add i t i o n a  1

cons t i - m i n i n g  di  f I i  cu 1 t i es due to the geom etr of tlit - rob I cnn t h a t

s e r i o u s i n ’  i n h i b i t  a t t e m p t s  a t  a n a l y t i c  s o l u t i o n  f o r  t i n e  f i n i t e

c y l i n d e r .  U s s e n t  i - a l l y  s t a r t i n g  f r o m  t h e  a n a l y s i s  p r e s e n t e d  b ’.

1’ . T.  icu , K a o H d e v e l o p e d  a fo r m a l  s o l u t i o n  f o r  ti l e s c a t t e r i n g  of

e l e c t  r o m a  p i l e  t i c  r ad  i a t  i on by  a f i n  it o , h . o l  l o w  met all i c , t h  i ri wa l i e d

ci  r c u l a n - ’ cr - i i n d r i c a l  t u b e .  To a c h i e v e  t h i s  lie h a n d l e d  t h e  a n a i v t  i c

di f f  i cul  tv in the cur rent p rob I em nien t i oned  a b o v e  h y iii t rod uc i ng t i -. 0

pa r a l i e t e r s  t h a t  f o r c e d  t he  l o n g i t u d i n a l  c u r r e n t  to  v a n i s h  a t  t h e  t u b e

e n d s ,  lie f u r t h e r  d e v e l o p e d  a c o m p u t e  r p r o g r a m  to n u m e r i c a l l y  s o l v e

the  p r o b l e m  and  p u b l i s h e d  a n u m b e r  of  r e s u l t s  lie o h t a i n e d . ~~~~~

To solve the problem numericall y lie adopted the numerical m e t h od o f

Y ou n g . 1 8 1
~ To h e l l )  v e r i f y t he  n u m e r i c a l  p r e d i c t i o n s  he pe if or ne d

a s e r i e s  o f  m e a s u r e m e n t s  f o r  t h e  r e l a t e d  c r 1  i n d e r s  an d  i n c l u d e d  t h e

14 .  C .  C .  K ao , “ Three  P i m e n s  i o n a l  i l e c t r o n i a g n e t  I c  S c a t t e n i  I - r u m  a
Ci rcul ar lube of Finite L”ngth ,“ Jour . Ap p i . l’h y s . 4 0 , 1
(1969)

15. C . C. Kao , ‘‘E lectromagnetic SL~ttt e r i n g  I ron a F i n i te l u l i u l i r
C y l i n d e r :  N u m e r i c a l  S o l u t  i o n s  a n d  P a t - a  I . i ) e v e i o p m e n  t of

L 

T h e o r n  , ‘‘ A F C R L — O Y — 0 5 3 5  ( I )  C r u f t  Labor atory , l i a r v a  nil t I n  i v .
C a m b r i d ge , M a s s .  i d o d .

16. C - C . K~no , ‘ ‘ I ,  l e c t  r o m a g n e  t ic Scatterin g F ram a li i i  i t e l u h u  l~t r
Cylinde r: \umeric al S o l u t i o n s  a n d  Data I I .  N u m e r i c a l  R esults ,’’
AECRI . - (P - 0 35 (11) C ruft L a h o  r~i to rn , Ha r v a  i- U Pi t  iv. , C a m b r i d g e ,

t M;ms s . I 909
17 . C - C. Kao , ‘‘lice t romagne tic Sca t te ring I r o n  a F i n  t i  ‘h uh i t l , t

Cr 11 nile n- : N u m e  r i c ; m 1 So l i i  t ions , ‘‘ Rad io Sc i - , ( ‘1 7 ~ 1 9701
15 . ,- \ .  Votin , ‘‘A p proxi m ate Produc t I m i t e g r ~mt i o n  , ‘‘ I m o r ’ . Run ’ . Soc .

A - 2 2 - b  , he2  I l~~5 4 )
19 - .\ Y o u n g ,  “The App i i cat ion of  App ro .x i n a t e  P r oduc t - I n t e p n a  t n on

t o  t I - i c  N i t i n c  i i  ca l  S ol  U t i inn o f  Inte gr al I ijuat i omi s ,’’ ‘to e . Kr ’ -
Soc .  - \ - 2 2 - h , 56 1 ( 1 9 5 4 )
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empirical results along with the numerical results . 0 We have

a d a p t e d  K ao ’ s p r og r am to our computer a n d  have used it to calculate

the sun-face cur-rent component distributions for the metal t u b e s  m e

h a v e  sub  e c t e d  t o  m e a s u r e m e n t .  We s -ho w below the results of the

c o m p a r i s o n . B r i e f l y , we f i n d  tha t t he  Ka o  solution appears to be too

s e v e r e l y  1 i n i t e c l  in  a c c u r a c y  f o r  any extens ive range of parameters

We s h a l l  go i n t o  further detail below when we P l e s e n t  t he  c o m p a r i s o n s .

I t  m o u l d  a p p e a r  t h a t  t h e r e  i s  s t i l l  no r e l i a b l e  a n a l y t i c  s o l u t i o n  to

the diffraction problem.

We next present t h e  e x p e r i m e n t a l  p r o c e d u r e  used to o b t a  in  the

m e a s u r e m e n t s .  F o l l o w i n g  t h i s  we p r e s e n t  the emp irical results

obtained by that method. Next we discuss the results and compare

t h e m  with e x i s t i n g  a p p r o x i m a t e  s o l u t i o n s .  F o l l o w i n g  t h i s  we sum up

the p r e s e n t  s i t u a t i o n .

j
20. C. C. Kuo , “Measurements of Surface Currents On a Finite

Circular Tube Illuminated hr An Electromagnet ic W a v e  ,“ I H F
Tran s. on Ant, and Prop. ,-‘ti’ - l 8, 569  ( 1 9 7 0 ) .
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II - I XPi RIM1 N ’lA L M E T H O D

A l l  measurements related to the hollow circular c y l i n d r i c a l

tube m ere made within a tapered anechoic chamber. The advantage s

on such a chamber confi guration h a v e  been adequately discussed

elsewhere~~ and hence all discussion shall be omitted from this

r e p o r t .  The u s e f u l  r a n g e  of w a v e l e n g t h  f o r  t he  s p e c i f i c  c h a m b e r

in which the measurement program was carried out is from 1 to 100cm .

The length of the chamber is 36 feet (11 meters) and the wide end

is about 8 ft (2.4 meters) on a side . A t the wide end of the ta p e r e d

anechoic chamber is a working volume consisting of a cub e imp p ro xi-

mate ly 30cm on edge. In this w o r k i n g  v o l u m e  c a l l e d  the “quiet zone ,”

Q: , t he  f i e l d s  a re  v e r y  n e a r l y  u n i f o r m  p l a n e  w a v e s  in t he  a b s e n c e

of a t a r g e t .  At the n a r r o w  end s h o r t  s e c t i o n s  of t h e  c h a m b e r  m i e

demountable to facilitate the p lacement of microwave horns that

s e r v e  as the  s o u r c e  of t he  e l e c t r o m a g n e t i c  r a d i a t i o n .  Fi g u r e  2

is a simple schematic illustration of the tapered chamber. It

d i s p l a y s  in a c u t a w a y  top  v i e w  t h e  “q u i e t  zone ” and  the ~0S i t  ion

of the ab sorber covered access door.

To measure the surface current density amplitude we m c ’ a s u r ’ i-d

the corresponding surface magnetic field amplitude using detecto n s

fabricated from commerc ialin - available point-contact si l i c o n  cr y stal

diodes of the type 1N82.-\C . The actual magnetic field probe , sh o w n

2 1 .  R .  I I . l)ell , C. R. Carpenter and C. L. And rews , “Optical
Desi gn of A n e c h o i c  C h a m b e r s , ” ,Jour . O p t .  Soc .  A m e r .
((1 2 , 02  ( 19 7 2 )  -
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Absorb ing Mater i al DO~~~~~Z~ ‘~~~ 24M

h~~~~~~~~~~~~~~~~~~~~~~~~~M
00r

Figure 2. Tapere d Anechoic Chamber Utilized In Measurements .
Diffrac ting Object - DO, Quiet Zone - QZ and
Radiation Source are Illus trated.
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in fi gure 3 , is basically the point-contact diode m ith attached arms

bent so as to fo rm a square loop together with tm o 10 n il brass

p l a t e s  s e p a r a t e d  by a 2 m u s h e e t  of m i c a .  I n  t he  m a g n e t i c  f i t - i d

sensor the crystal diode is maintained parallel to the br as s pl ;ite s .

The amplitude of a component of surface current at a surface point is

found by measuring the square of the amplitude of the tangential

component of magnetic field , at that point , that is aligned norma l to

the current component. Further detailed discussion of such probes

is available elsewhere .22 During the actual measurement of a current

the magnetic field detector is fastened to the diffracting finite

cylinder itself. Rotating the cylinder with the probe attached to

it then permits us to obtain a scan of the surface current over the

azimuthal range of position variable. Repeating this scanning of

the current by r e loca ti n g the m agne t ic f ie ld  p robe  p roduces  a

mapping of the surface curren t ampli tude over the en tire fi nite

c ircular cylinder. Both the long it u d i n a l  and the az imu th a l  su r f ac e

cur rent amplitude maps were obtained in this manner (these are

essentially the azimuthal and longitudinal magnetic field maps ,

respectively, very close to the conduc ti ng su r face ) .  In thes e

m e a s u r e m e n t s  t he  s i g n a l  is  t r a n s m i t t e d  f r o m  t he  p robe  v i a  a twisted

p a i r  of  h i g h  i m p e d a n c e  3 n i l  d i a m e t e r  EVANO HM le ads to the record ing

system.

2 2 .  C .  L .  Andrews , A .  G o l a b , “Probe  Antennas for Microwave
Measurements ,” Amer. Jour. Phys. 121 , 39 (1971).

15
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$

_______- COPPER LEA DS OF THE DIODE

4 NICKEL TUBE CRIMPED

IN82AG DETECTOR DIODE

EVANOHM TWI STED L EAD
0.30”

(a)

k O.30” -
~~

Fi gure 3. ELECTRIC FIELD SENSOR (a) AND SURFACE MAGNETIC FIELD
(SURFACE CURRENT) SENSOR (b)
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Results for the electric field along the axi s of the finite

length circular cylinder were obtained using the same point-contact

diode as a detector in the form of a small linear dipole. 1- igure 3

illustrates schematically the make up of the square law electric

field detector. E field measurements were m~ide by centering the

electric field detector at fixed positions on the symmetry axis of

the cylinder and aligning the probe normal to that axis. In this

manner we obtain measured values of IE r J 2 / I L o
J 2 at the axis. For

1-polarized radiation measured angular scans of the radial component

were taken in the direction perp endicular to the incident electric

field. For H-polarized radiation the radial component of electric

field was scanned azimutha lly in the plane parallel to the electric

field in the incident radiation.

To ob tain emp irical values for the surface charge den sity the

e l e c t r i c  f i e l d  sensor w a s  aligned along a radial direction i.e.

n o r m a l  to the  s u r f a c e  of  the  c y l  i n d e r .  A f t e r  t h e  p rob e  w a s  a l  i g n e d

ca re f u l ly  i t  was  f i x e d  in p o s i t i o n  on the cylinder and the c y l i n d e r

rotated about its axis. By chang ing the z-coor dinate of tine position

of the radial ir - aligned electric field detector angular scans could

he made at each desired value of longitudinal position. In  t h i s

manner the amplitude of the surface charge density could be m a p p e d

o v e r  t he  o u t e r  s u r f a c e  of  t h e  t u b e  as i c e l l  as o v e r  the inne r s u r f a c e

ci ’ the hollow cy linder.

Be fore proceeding to the actual results obtained and  a d e t a i l e d

discussion of their characteristics it is somewhat help ful to first

17
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bri efly consider the electronics invo l ved in the measurement

program. For the sources - two oscillato m ’ s were used , a Hewlett-

P a c k a r d  6 l 6A  fo r  t he  2-  4 GH z r a n g e  a n d  a H e w l e t t  - P a c k a r d  8690 B f o r

the 1-2GH z frequency range. A Hewlett-Packard 869lA plug in unit

opera t ing in the manual mode was used i n con junc tio n w it h the latt er

osci l la tor. The ou tpu t si gnal from the probe was modula ted b y a

1KH z square wave from a PAR model 120 lock-in ampiifier. It was

also amplified by a Bogen MBT6O aud io ampl i f ie r. The ou tpu t of

the lock-in-amplifier was fed either to the Y-axis of a Hewlett-

Packard Mosely mode l 135 X-Y recorde r or to a Gi l00~ia panel meter

depending on application . By means of a potentiometer circuit w ith

a Hel ipo t the probe posi tion was ind ic at ed by a connec t ion outsi de

the anechoic chamber to the rod on wh i ch the targ e t cyl inde r was

mounted. A motor drive was connected to the other end of  the  rod .

In this configuration as the cylinder rotated about its axis the

Hel ipot would permit driving along the X-axis of the recorder to

establish the angle of rotation of the cylinder and probe.

18
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III. EXPERIMENTAL RESULTS

1. Radial Com ponen t of Electric Field Along the Axis of the

Hollow Cyl indrical Tube.

Af ter carefully aligning the electric field sensor to lie

along the radial direc ti on and simul taneous ly positioning it so as

to be slightly off the cylinder axis in the radial direction the

combined sys tem of senso r and cy l i nde r and source  we r e s imi l a r l y

aligned with respect to one another. Rotating the cylinde r and

af f ixed prob e then y ields an angular d i s t r ibu ti on of the ampl itu de

of t he  r a d i a l  component  of the e l e c t r i c  field inside the tube and

jus t ever so sl i ghtl y away from the ax is it se l f .  Al though there i s

o b v i o u s l y  some d i f f e r e n c e  f rom the f i e l d  r i g h t  at the a x i s  the

discrepancy is quite small and within the size limitations inherent

in the small sensor. We nevertheless have , fo r a l l  pr ac ti ca l

purposes , an ex tremely good measure of the field on the axis. The

results obtained indicate that the amplitude of the radial field

is an even function of the azimuth angle. Similar measurements at

other positions along the z-axis or equivalently along the axis of

the cylin der al so clea rly show that the amplitude of the radial

f ie l d  a t zero  r ad iu s  is an even fun c ti on of the lon g itudinal coor-

dinate z. Recall that as shown in figure 1 the ori gin of the

re fe rence system of coordinates is at the precise center of the

finite length cylinder. Let us first consider til e experimental

resul ts for the circular tube of diameter 11= 7” for diffe rent lengths

L. In figure 4(a) the angular scans are shown for the cylinder of

I ‘ I
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length L=7 ” (17.8cm) . For this cylinde r , and for all the others

discussed in this report , the incident radiation is broadside to the

c y l i n d e r and  d i r e c t e d  n o r m a l  to t he  c y l i n d e r  a x i s .  In f ig ure 4 ( a )

we can see the angular distribution of the amplitude of til e radial

electric field at the axis for 1 -polarized incident radiation of

wavelength A = 23 .2cm. This corresponds to y= 2~ ;i/ A = 2.40 and

2h= L/ A = 0 . 7 7 . Scans  are shown for successive positions along the

a x i s  in i n t e r v a l s  of  z equal to one-ei gh th th e len gt h of the cyl inde r

from the center , z=H , out to the end z=L/2 . At z o  we found E~ to

he zero for all v alues of til e azimuthal variable. The remaining

finite valued scans s- how a maximum at ~=o ° i.e. on the side away

from the incident direction and a second and hi gher value d max imum

at =180° on the opposite side . For both sets of maxima the further

from the center the larger the value of the maximum . Accompanying

th is behaviour we find that for each value of z the larger maximum

o ccu r s  a t ;=l8 0 0 that is on the side closest to the source of the

radiation . A further significant characteristic to note is that a

low ly ing minimum occurs for each value of z at which the scans

were taken. Al l  of these m inim a occur near the top and bo tt om of

the cylindrical tube i.e. at about ~~~~~~~ Furthe r exam ina t ion of

this neighborhood reveals that as we move along the axis away from

the center of the tube the height of the low lying minimum rises.

Also  it i s clear from the da ta tha t the m in i mum occur s a t  abou t

~=±80 ° for z=L/ 8 and mov es g r a d u a l l y toward the source to just

- 
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below ~= 9 0 ° for z=L/2. Now the curve s in figure 4(a) represent tin e

squared amplitudes of the total radial electric field at the cylinder

axis. Since the incident electric field has no component that con-

tributes to the radial electric field this field is due entirel y to

the response of the hollow tube to the incident radiation. Upon

closer scrutiny of the scans in fi gure 4(a) it should he noted that

they resemble rather well the functional form of cos 2
~ and hence the

amplitude of the radial field as a function of azimuth goes pretty

much  as cos~~. Figure 4(b) shows the corresponding scans of til e

a n g u l a r  d i s t r i b u t i o n  a t  z= 0 , z = L / 4  and z=L/ 2 f o r  a tub e of l e n g t h

E = o . l ”  (13 .5cm ) , s l i g h t l y  s h o r t e r  t h a n  t he  p r e v i o u s  c y l i n d e r .  A g a i n

mc found  F to  be i d e n t i c a l l y  z e r o  f o r  a l l  -~ at 2=0 . ~1axima occur

a t  :~~0° and a t  ‘i=180° . The latter are higher than the former. -Ui

maxi m a increase as we move along the axis toward the end of the

cylindrical tube. ~1inima occur near ~~~~~~~ The scan at :1./4

shows tile minimum at about ~:±87° and t h a t  a t  : =L/ 2  l o c a t e s -  t he

m i n i m u m  a t  j u s t a b o u t  ~=~~90 ° . The general characteristics displayed

b y  1. f o r  t he  L = b  .1” c y l i n d e r are very nearl y those of the L 7 ”

cyl inder. In fi gure 5(a) we silow the  e m p i r i c a l  r e s u l t s  b r  t h e

amplitude of the radial electric field alon g the axis of an 1=4 . 87 5 ’

(13. 3cm) tube. Again tin e radial electric field is iden tically zero

at :=O for all value s of -~~~. The same behaviour w i t h  ~ as in f i gure

3 can be seen for scans at increasing along the axis. A t  this

point we can d earl y observe a decrease in the m a x i m u m  of the

amp litude of the radial component of the c -l ectric field on the axis

_____________ — —  - . -  —— — -
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at the ends of the tube as the tube length is decreased. This

occurs at both 
~~

=
~~~

° and 180 °. Figure 5(b) again shows a considerable

decrease in the maxima at ~=o ° and ~=180° as the tube is furtiler

sho rtened to a length of 2.93” (7.77cm) . At z=n we again observed

that the angular distribution of the radial component of electric

field vanished for all angles at the axis. The tube is now less

than half as long as its diameter and we mus t  beg in now to t h i n k  of

the diffracting target more as a wide ring than as a hollow cylinder.

While we aga in observe tha t the larger ampl it ude max imum occ ur s a t

t=l80° compared to that at ~=0 ° 
and tha t bo th max ima in cr ease as we

move towards the ends of the tub e or ring as we noted before for the

longer cy linders we now observe a s i gn i f ica nt change in charac ter

f o r  the ra d i a l  e lec tr ic f i e ld  at the ax i s. The f i r s t obv ious

devia tion from the previously noted behaviour is the much lower

maxima at 4=0 ° relative to those at 4=180° . In addition we find the

minimum is much less defined at z=L/4 lying near 4=±60° . For z L/2

the minimum is- still well defined but lies at about ~=±7 0°. If we

shor ten the tube fu.’ther to L=l.5” (3.8cm) w h i c h  is only about one

fifth the diameter we clearl y have a ring ra ther than a cyl inde r

as the targe t . Fo r thi s case show n i n fi gure 5 (c) w e have

y = 2 - l T a / A  = 2 .4 0 fo r  the c i r c u m f e r ence to wave le ng th ra t io and

2h/A = L/A = 0.16 for the length to wavelength ratio. This effective

change in the g e o m e t r i c  p r o p e r t i e s  is r e f l e c t e d  in t h e  e x p e r i m e n t a l ly

observed radial electric field distributions at the axis. At 2 0

the radial electric field is again zero for all ang les. Clearly

23
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max ima occur a t ~=180° that at z L/2 is only slight ly higher than

the peak at z=L/4. At 4=0 ° on the other hand there occur jus t barely

percep tible maxima the one at z=L/2 lies - just above the one for

z=L/4. Actually the entire distr ibutions are quite flat. This is

especially true near 4=0 °. M inima are also just barely discernible.

A t z=L/4 the minimum occurs at about 4=±20° and for z=L/2 slig ht

min ima l ie  a t abou t ~=±25~~. F ig ures  4 and S r evea l  expe r ime nt a l l y

the characteristics of transition from a diffracting short cylindrical

tube to a di f f rac t ing finit e ring or sh ort c ircular collar for f ixed

d iameter and fixed wavelength at h-polarization .

For emp has is we repea t tha t al though there is no rad ial

component of electric field in the E-polarized incident radiation we

do indee c1 find that the finite length targe t cylinder has a radial

electri c field in its interior.

Conside r nex t the expe r imen tally de termined di s tr i but ion of the

radi al compone nt of elec tric f ield on the ax i s of the f in it e cylinder

for the same circumference to wavelength ratio y=2.40 but for Fl-

polarized inciden t radiation. In figure 6 we show the results

ob tained for the azimu thal dis tr ibut ion wi th the elec tr ic f ield

probe a t the cen ter of the cyl inder ax is .  Measured resul ts are

shown for leng ths of cylinder that coincide with the earlier lengths

used in the E-polarization study (except L=7” wh i ch is shown in

figure 7). The behaviour at H-pola rization is similar and comple-

men tary to that obtained for the E-po larized incident radiation.

At z= 0 we observe for all cases of length L that maxima occur at

25
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about the top and bottom of the cylinder i.e. 4=490° , and min ima

are found a t the forw ard ~=0 °, and backward 4=180° az imuths. These

minima are ac tually zero ampli tudes . Fur thermore as can be seen in

figures 6 and 7 the higher maxima occurs for the shorter cylinder

leng th. Inspection of figure 6 reveals also that the amplitude for

a given leng th L is slightly hi gher in the backward direc t ion i .e.

4> 900 . It should be recalled that for E-polari zed incident radiation

we had E rO for all 4 at z=ü for all lengths L. Jus t a glance at

figure 7 shows that the maximum radial elec tric f ie ld a t the ax i s

occur~ at z=0 in the H-polarization case. Thus we observe that

maxima and minima azimu thal loca t ions interchange w ith intercha nge

of E and H polariza tion in the incident radiation. Fi gure 7 for

the L=7” (17.8cm) c)linder , gives us the long itudinal dis tribut ion

of the amp li tude of the radial electric field at the cylinder axis

for H-polariza tion. We observe that as z increases i.e. as we

move from the center toward the end of the cylinder E~~I decreases.

This is exactly the opposite characteristic found for the E-polari zed

inciden t radiation. This is partiall y due to the inc iden t elec tr ic

field bein g primar ily parallel to the tube ends .

Figures 6 and 7 fol low very closely a s in2 
~ 

type of func ti onal

dependence . Also since the incident radiation possesses an electric

field in the radial direction we are not surprised to detect its

effect in the interior of the open ended tube . In figure 8 we

present a comparison of the distributions of the peak amplitude of

radial electric field along the axis of a D=7” (17.78cm) = L

28

~- : - - 

~~ ~~~~~

, -



NSWC/WOL/TR 76-74

6
~1

‘-4

C

4~4

- ‘-4
1~Va -~~
— 4-~
Co - m-.
I V

I— ~,, ~~
—4 0 .C

‘4-4 4-’

6 :  0
tj I—

c’J— .
r’.4 ,

~~ 
Q II

_ M— o .~ ca

‘1)
‘0
~ 0— -=4

‘—4 a>

U
4-’

-J a>
— .0 ~‘I 0

a. C oo x

LU 
-

-0~~~~
V —

-
i

a>
a
00

-=4

29

- -  _ _



NSWC/WOL/TR76 -74

0.6~~ 

- 

-

y =  ~TD/A = 3.82
2h = L/A = 2 . 4 4

E-polari zation

0,4 —

IE 12 —

r

IE 12
0

0.2 — Outside

Inside

00 1 I I I _ _ _ _ _ _ _ _ _

-10 -8 -6 .4 -2 0 2

nOF A/4 LEFT
END
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E-polarized radiation is normally incident
broadside on a 0= 6 1/8” (15.5cm) , L = 12”
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circular open ended cyl inder for the same circumference to

wavelength ra t io y 2 . -4O of the incident radiation at E and at El-

polariza tion. The value found experimentally for ~~ was prec is ely

equal to the length L=7” (17.78cm) . Figure 9 shows the corroborating

results obtained for the measure d radial electr ic f ield on the tube

axis inside near the end of the cylinder and outside on the axis

for the case of H-polarized incident radiation. We thus appear to

have a standing wave pattern that goes as C054 and cos (irz/h) for

E-polarization and varies as sin4 and roug hl) sin (-nz/h) for H-

polarization for the same cylinder irradiated with A=23.2c m radiation .

It should be obvious that in view of the measured distributions the

edges play a significant role in the di f f rac t ion charac ter i s tics

of the finite open tube. They are clearly respons ible for the

occurrence of a field d istribution in the interior other than that

of the TM
01 mode that one would have anticipated for the E-

polariza tion case with y=2.40.

2. Surface Charge Dens ity on the Interior Wall of the Hollow

Cylindr ical Tube.

Measuremen t of the surface charge density over the inner

wall was ach ieved by carefully aligning the electric field probe to

lie along a radial line and just inward of the interior wall. This

of course also requires a careful alignmen t of cylinder and source

with the probe in place. Rotation of the system with the probe

fixed relative to the tube then produces an angular scan at the

fixed value of z. Repea ting this procedure for different values

31
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of z resul ts in the distribution of surface charge density over

the entire interior wall of the open ended tube. Obviously we

canno t measure the norma l component precisely at the wall due to

the fin ite size of the real electric field detector used to make

the measurements . Nevertheless the fact that the probe is quite

small compared to the wavelength still yields an accurate result

for the measured amplitude of surface charge density distribution

on the conducting wall.

As stated earlier measurements of surface charge density were

made only for the case of H-polari zed normally inciden t radiation.

Consider firs t the measured results obtained for the open

ended tube of diameter D=7” (17.78cm) = length L. The incident

radiation has wavelength A=23.2cm which means once again the cir-

cumference to wavelength ratio is y=2 .40 . Figure 10 shows the

angular scans obtained at several dis tances along the tube. Until

we get very close to the ends of the tube we find that the amplitude

of the surface charge density has a single maximum at about q=±9 0° ,

wh ich is slightly shifted toward the source . There are also

minima at q= 0°, the forward direc tion , and 4=18 0°, the backward

direction. This is consisten t with the z-dependence found at the

symmetry axis for the amplitude of the radial electric field

component as shown in figures 7 and 8, for the same tube and same

incident radiation. On the inside wall we find that the sur face

charge density decreases as we move from the center of the wall

32
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toward the tube ends. There is one departure from this overall

behaviour that was observed at z=2.7” . A t th is value of z we a re

at 0 . 3” f rom the end and unfo rt un ate ly  this  d i s tance is comp ar ab le

to the probe d imens ions . Consequen t ly  we should  no t be su r p r i s ed

to discover some deviation in the ‘neasured behaviour of the surface

charge dens i ty. This probably accounts for the minimum observed

for this location along z in the neighborhood of 4=±90° w h e r e  th e

probe i s a l i gned p r e t t y  much p a r a l l e l  to the inc iden t elec tr ic

f ie ld .  The angu la r  scans on the in ter io r  w a l l s  seem to co r robora te

the angular scans made along the tube axis. It should be pointed

ou t tha t the s u r f a c e  charge  measuremen ts were  car rie d ou t abou t

one year  la ter than the f ield measuremen ts a long the ax is .  One

can th e r e f o r e s a f e l y  conclude tha t a t the ax i s the rad ial f i eld

goes as sin4 for y=2 .4O for this tube and the surface charge density

does l ikewise  on the ins ide wa ll of th is open ended c i r cu l a r

cyl inder.

In fi gure 11 we show the results obtained for the measured

ampl it ude d i str ibu t ion of su r face  char ge dens i ty over th e inne r w a l l

for the 12” (30.4cm) long hollow tub e of inside diameter 6” (15.2cm)

with both ends open. The incident radiation of wavelength A 12.Scm

is also H-polar ized and directed normal and broadside to the cylinder.

Since f ig ure 11 gives the amplitude squared we observe that the

• dependence of the charge density on the inner surface is reason-

ably well descr ibed by the function sin24. Note that the circum-

ference to wavelength ratio inside is 
~jnt

3
~
80
~ 

The r a d i a l
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elec tr ic f i e l d  a t the in si de wa l l  c l e a r l y indicates the presence

of a hi gher mode. It is somewhat interesting to observe the

behaviour of the • dependence as we move from z=O towards the open

ends of the tube. At z=Q we have nulls at •=0° and •l 80° but we

also find another at about •=±llO ° . A max imum occurs at about

4=±S 0° and is abou t twice  as h igh as that occurring at •~ l35° .

A s we move to :=1” (2.5cm) the center null moves closer to • ±90°

and the maximum in the more forward direction drops to lie only

sli gh tly higher than the maximum closer to the source . At

z = 3” = ~~
- the characteristics return closer to those for z=0

al though bo th maxima lie lower than those for z=0. In addition there

is now a low lying min imum at •=±llO ° rather than a definite null.

Moving fur ther out to z=4” we f i n d  aga in  a low l y i n g  minimum a t

about ~=±85° ra ther than a n u l l .  Also we have a hi gh max imum at

•=±l 30° and a lowe r maximum near • ±40° . A reversal in the locations

of the h igher m ax im a occurs as we move towards the open ends . A t

z=5” even fur ther out toward the end the intermediate minimum lies

lower and shifts further forward to about •=±67° . Simultaneously

the two maxima decrease in height and are about equal to each other

ly ing at 4=±35° and •=±l1 0°. Overall there appears to be a general

decrease in surface charge dens ity as we move away from the center

fo l lowed  b y a si gnificant increase near the end and another drop

off thereafter. Although we did not measure the radial component

of elec tric field al’ng the axis for this case it is probably safe

to speculate that it behaves pretty much as the surface charge

dens ity on the inner wall.
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We poin t out that the results presented above appear to be the

first such data to be published and hence there is nothing available

to compare them wi th as ye t .

3. Charge Density on the Outside Surface of the Hollow Open

Ended Tube .

The firs t straigh tfo rward compar ison of the measuremen ts

wi th a theory can be made for  the charge  densi ty on the ou tside

surface of the ope. ended tube. Unfortunately the only available

da ta one can compare the measurements to are the analytic predic-

tions for the induced surface charge density on an infinite circular

cy l inde r .  B a s i c a l l y  then we are l imi ted to assess ing  how well  the

ph ysical  quan ti ty in que st ion for  a f i n i te l eng th , ho l low , open

ended tube can be approx imated by the well known infinite cylinder

solutions. This is by no means an insignifican t question itself.

Fi gure 12 g ives the azimuthal distribution of the measured

ampli tude of the charge density on the outer surface of the open-

ended hollow cylinder of diame ter D=6” (15.2cm) and length L=12”

(30.5cm) . The cylinder is irradiated at normal incidence by an

H-polarized monochromatic plane wave of waveleng th A=12. Scm. The

per tinent parameters are circumference to wavelength ratio y = 3 .8 Z ,

and leng th to wavelength ratio L/x = 2h/A = 2.44. As can be seen

b y i n spec t io n of f i g u r e  12 the a n g u l a r  scans of the s u r f a c e  charge

d ens i ty  induced on the outer  w a l l  were  made around the cen ter and

in steps of 1” towa rds the tub e ends .  Note  tha t  the cyl inder is

j u st sho r t of be i n g 5/ 2  wa ve leng ths  l o n g .  Let us f i r s t  discuss the

36
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experimental results. Around the center of the finite tube ,z=O ,

we first observe a null at 4=0° i.e. in the forward direction . At

an inflexion point appears. As we proceed further around

toward the source the amplitude of the charge density continues to

mono to n i c a l l y  r i se , passing through another inflexion point at about

•=±7 0°, and achieves its peak height at 4’=±93° . Con tinuing around

the cha rge  dens ity drops  pass ing throug h sti ll ano the r  in f l e x ion

poin t in the vicinity of 4=±l25° . Thereafter it monotonically falls

o f f  to v a n i s h  f inal l y on the backside toward the source , at 4 - n .

The nex t an g u l a r  scan of the sq uared amp l it ude of the su r f ace  ch arge

density was taken at z=l” (this is a shift along the z-direction

of abou t 0 . 2 A ) . The amp l itude ha rd ly  va r ies f rom tha t ar ound the

cen ter un ti l the ne ighborhood of the inflexion point at 4=33° is

reached. A t that point the amplitude of the surface charge density

drops for z=1” and a c l ea r l y def ined min imum i s found ra th er than an

inflexion point. The amplitude then rises and almost parallels the

z=O dis tribution until the vicinit y of the inflexion point near

•=70° . Here we observe again a point of inflexion for the z=l”

dis tr ibu t ion .  This time howeve r the d i s t r i bu ti on of the su r face

char ge amp litud e is not as flat as that for :=0 . Continuing on

around we find the squared amplitude monotonically in c r e a s i ng for

z=l” to a maximum height about 15% lower than the peak hei gh t of

the c e n t r a l  curve . A l s o  the  l o w e r  peak  appears  fur ther  toward the

source  at •= ± 1 0 0 ° . As • increases  f u r t her t h e  z= 1” d i str ibu t ion

follows tha t seen for z=O , ly ing below it until about the azimuth

38
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• = ± l 5 2 °  whereupon i t  s t i l l  f o l l o w s  the  z=0 curve h u t  s i t s  j u s t

slightly ab ove it until it vanishes at 4=-n also. Clearly the

angular dis tribution for z=l” displays an increase in structural

detail over that for z=0 . This sharpening of structural detail is

further enhanced by scanning around the cylinder at z=2” (here we

are abou t 0.4A from the central scan) . As expected the distribution

starts at zero at 4=0° , i t then increases  stead ily to a peak abo ut

1/3 highe r than that for z=1” , occurring at 4=±20° just before the

la tter peak and drops to a s l ig h t ly lowe r m i n i m u m  a t abou t the same

azimuth as the z l ”  curve . For z=2” the inflexion point observed

for smaller z becomes clearly resolved into a min imum located at

•=±75° . This , of course , is accompan ied by a max imum at 4 ±62°

for  the z 2 ”  curve. Over the range of azimuth from about 4=45°

to the subsequent minimum in the z=2” distribution the latter lies

above the z=l” curve. As • increases further the z=2” curve increases

and peaks at about the same azimuthal posi tion as the z 1 ”  distribu-

tion. There the forme r is about 1/3 hi gher than the la tt e r .

Thereafter the z=2” curve behaves pre tty much like the z=l” curve

for the surface charge density-always lying above it though-and

also vanishes at 4 r .  As z increases to 3” (7.6cm) - a shift of

about 0.6x from the central scan-we note that the experimental

angular dis tribution found is very much similar to the surface

charge dens ity distribution at z=2” . Star t ing f rom a nul l  in the

forward direction we see a mono tonic increase to a maximum at 9=±21° .

This is almost coinciden t with the azimuthal posi tion of the corres-

pond ing maximum for z 2 ” . A t this maximum the hei ght of the z=3”

3~J
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maximum is about 25% higher than the corresponding maximum measured

for  the z = 2 ”  squa red  a m p l i t u d e  of the  s u r f a c e  c h a r g e  dens i ty .  We

f ind  wi th inc reas ing  • a s m o o t h l y  dec r e a s i n g  a m p l i t u d e of su r f ace

charge densi ty until a minimum is reached at •= ‘37° . This is j u s t

abou t where the m i n i m a  occur for the z 1 ”  and :=2” scans of su r face

charge densi ty. The z=3” scan lies above bo th of these latter curves

un til at about 4=~ 3l° it falls below the z-2” scan and then a t

•~ 32.5° it drops below the z=l” scan of the s u r f a c e  charge . The

z=3 ” m inimum is the lowest one observed in the set of measurements

taken along the hollow tube. Until •=±48° the z=3” curve still

remains lowes t. It exceeds the z=l” curve a t tha t po int rema in ing

above it thereafter. At •=±55° it catches up with the z=2” scan

and thereafter remains above it. The measured  da ta as shown in

fi gure 12 indic ate that at z=3” the squared amplitud e of the surface

charge dens ity increases steadily from 4=±37 ° to ano ther  maximum a t

$=±55° . Here the height of the z=3” curve is only about 10% higher

than the observed value at z=2” for that azimuthal location. Further

increas ing • we note gives rise to a very slight decrease to a very

shallow m inimum at •=±70° . It would thus seem that the process of

s h a r p e n i n g  of the s truc tural  de tai l  in this  neig hborhood w it h

increasing longitudinal position has been significantly reduced.

I t should be noted that the long i tud inal posi t ion of the angula r

scan is now about A /2 from the z=0 scan. Continuing with the surface

charge dens ity variation with increasing • at z=3” we observe a

rela tively rapid but smooth increase in the squared amplitude of

surface charge densi ty. This characteristic continues until a

41)
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maximum at •=±lOO° is attained. Note that this is an absolute

maximum found for all values of long itudinal position z. At this

azimuthal posi tion the height of the z=3” scan is 25% h ighe r  than

that for z=0 or z=2” and about 50% higher than that for z=l” . With

further increase in the azimuthal variable • we find the z=3”

angular scan closely resembles the dis tribution found for z=0 , 1”

and 2” , lying above all three until the commo n null is reached at

•i ~ on the incident side. There is one further interesting charac-

teristic revealed by the z=3” angular distribution. It shows rather

clearly the occurrence of an inflection point in the angular dis-

tribution on the side facing the source. This can be seen in

figure 12 to lie at •=±l30° for z=3” . The measuremen ts at z=4”

(about A /2 from the tub e end) show that the angular distribution of

the ampli tud e of the surface charge density is remarkably like the

observed z=3” scan. From the null on the shadow side at 4=0° to

the firs t maximum at •=±22° the z=4” dis tribution lies just below

and quite close in fact to the z=3” distribution. Recall that the

latter has its maximum in this reg ion a t  4=±2l0 . Over the range

from • ~ 21.5° to • ~ 44°  the z 4 ”  curve lies above the z=3”

measurements . This cons titutes the only range of azimuth where the

z=4” distr ibution lies above the z=3” measured results. Upon

inspection of figur e 12 we find a minimum has been observed at

•=±37° for the empirical distribution at z=4” . This  is nea r ly

coincident with the azimuthal posi tion detected for the minimum of

the z=3” distribution. As • continues to increase we note that the

41 
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measured results for z=4” continuousl y increase. From • 44° on

around the z=4” data lie quite close to but clearly below the z=3”

results obtained for the squared amplitude of the surface charge

density . We further observe that for z=4” we do not find a minimum

in the • ±70° region . Rather an inflection point is present at

about •=±68° . Still increasing • we observe that the z=4” results

are very close qualitatively in character to the z=3” measurements.

A maximum is reached at $=±100° . The height at this maximum is about

midway between that for z=3” and z 2 ” . Thereafter as • increases

the z=4” distribution runs almost parallel to that for z=3” and

roughly speaking is midway between the z=2” and z=3” surface charge

distributions meeting both at the null at •=~i- . The inflection point

on the illuminated side at z=4” is more pronounced and occurs at

approximately •=±129° very close to the location of the corresponding

inflection point for z=3” . It would appear that for z<5”~ A the

ends of the finite length hollow tube do have an effect on the

outer surface charge distribution. Nevertheless over this length

of the tube that effect is not terribly drastic either on the shadow

side or the illuminated side. As we consider the angular scan at

larger distances from the center and hence get even closer to the

tube ends we do indeed find as expected a much more emphasized effect

due to the finiteness of the cylindrical tube. This is quite evident

in figure 12 for the z=5” azimuthal scan (we are now about O.2A from

the tube end and simultaneously about one wavelength from the central

circle of scan) . Again the z=5” scan starts with a null at •0° .
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It then rises steadily to a maximum at 4=22° lying above all the

other scans for smaller z values. Only the amp litude on the central

scan at z=0 exceeds the z=5” data from 4 31.5° to •=Sl .5° .

Apparen tly the presence of the clearly defined maximum in this

n e i g hborhood of • i s a consequence of the finite length of the tube ,

which is more evident the further one gets from the center. In-

creasing • still further the z=5” distribution falls steadily to a

clearly defined minimum at 4’
~40. Over this range the z=5” distribu-

tion still lies above all the others. Again it would  app ear tha t

due to the existence of the ends of the tube we find a clearly

defined minimum . From 4=40° to 4=45° the measured amplitude of the

surface charge density for z=5” lies below but nearly coincident

with the z=l” distribution but still is above all but the z=0 scans .

The z=5” agains oscillates back to lie above the z=0 scan at 4=±41.S°

and remains above it until the azimuthal position 4=±68° is reached .

From this point on it remains below until well around on the

illuminated side at 4=±152 ° where it again climb s above the z=0

scan and remains there as they both decrease to the null at ~=-n .

For z=5” we find another clearly defined maximum disp layed at

4 ~±66° and a clear minimum somewhat further around at • ~~81° .
Again it appears that this well defined pair of a maximum and

minimum resul t from the relative proximity of the tube ends. Until

• ~±75° the z=5” surface charge distribution has a larger amplitude

than all but the z=0 scan. From • ~~75° to 4=±8l.5° the amplitude

at z=3” and at z=4” become considerably larger than that for :=5” .
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A t •=±81.5 the z=2” joins the others above the z=5” distribution

and these three scans remain hi gher  in ampl i tude un t il the nul l  a t

•=n . The z=5” distribution also has a well defined maximum at

•=±l000 . This is common for all the z>o scans. At larger azimuths

•~ ±ll4° and p~ ±l4l° the z=S” distribution reveals the existence of

two inflection points. This is another indication of the complexity

of the structural details induced in the surface charge distribution

by the proximity of the ends of the finite tube. The oscillatory

nature of the z=5” scan relative to the z=0 scan is also character-

istic of the relative behaviour with respect to the z 1 ”  scan .

At •~ ±84.5° the z=5” distribution nearly coincides with the z l ”

scan it then rises significantly higher and eventually crosses the

z=1” distribution at about •=±ll4° . It remains lower until 4

increases to about •=±152° whereupon it climbs back above and then

remains above until the null appears at 4= -n- .

We have included in figure 12 the theoretical predictions for

the squared amplitude of the sur face charge density distribution

around an infinite cylinder for y=4- .O. The distribution is very

close to that for precisely .1 =3.82. In fact the difference is for

all practical purposes negligible. Furthermore for qualitative

comparison purposes we have normalized the infinite cylinder pre-

dictions so that they coincide with the experimental results at

z—O and •=±90° . Recalling that for the infinite cylinder there is

no dependenc e on the longitudinal coordinate z we can immediately

draw two conclusions . The finite length tube displays considerably
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more oscillatory behaviour in its angular distribution of its

surface charge density. This behaviour is more enhanced as the

tub e ends are approached . Secondly except quite close to the

tube ends the linear amplitude of the surface charge density is

quite remarkably well described by the infinite cylinder predictions

when the latter are appropriately normalized. It would then seem

that for a reasonably fat cylinder whose length is several wave-

l engths long the infinite cylindrical theory describes rather

well (except for the small details) the amplitude of the surface

cha rge  dens i ty for  mos t prac t ical pu rposes .  Th is holds  ou t to

about A / 4  from the tub e ends if the theory is normalized to a

measured value somewhere along the central circle and on the

shadow side. Of course we are considering H-polarized incident

radiation here. For F-polarized incident radiation the infinite

cylinder is less accurate as we have found experimentally and shall

report on in subsequent ‘reports. This will indeed be the case

unless the ratio L/ .~ is considerably larger than the case discussed

ab o v e .

We nex t cons ide r  an exper i men tal s tudy for  a spec i f ic case where

L/-~
’l.

We show i n f i g u r e  13 the  e x p e r i m e n t a l l y  d e t e r m i n e d  dis tr i b u t ion

of t he  squared amp l i t u d e  of t h e  su r face  cha rge  d e n s i t y  around the

-
‘ 

c i r cumfe rence  of a t ube  of d i a m e t e r  D= 7 ”  (17 .8cm) a nd of l eng th

L = 7” . These measured  a n g u l a r  d i s t r i b u t i o n s  are displayed for circles

at  d i f f e rent  l o c a t i o ns  a long  the cy l i nder a x i s .  The c y l i n d e r  was

i r r a d i a t e d  at  normal  b r o a d s i d e  in c i d e n c e  w i t h  a m o n o c h r o m a t i c  p lane
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wave of waveleng th A= 23.3cm polarized perpendicular to the axis of

the  t ube.  For t h i s  case the relevant parameters are the ratio of

the circumference to wavelength y=-n D/A 2.40 and the ratio of the

tube length to wav~.iength 2h/A =L/A =0 .8. We have basically a cylinder

that is just under a wavelength long and is moderately thick.

Again the only available theoretical results that can be

utilized for comparison are those for the surface charge density

induced on an infinite circular cylinder. Just as before we are

limited to assessing how well the infinite cylinder predictions

describe the surface charge density on the lateral surface of the

finite circular tube.

Consider first the scan around the outside of the cylinder

at the center of the tub e i.e. at z=0. This distribution should

most closely approximate the infinite cylinder behaviour . What is

actually observed is a rap id increase in amplitude from the null at

4=00 , i.e. on the side away from the source , to a maximum at about

•=±32° . This is followed by a steady drop to a minimum at half

the maximum amplitude at about 4=±58 ° , another rapid steady rise

to a second higher maximum at •=±90° . The amplitude here is about

50% hi gher than at the first maximum . Further around the tub e on

the side toward the source we observe a steady decrease in amplitude

passing through an inflection point in the vicinity of •=±l23° and

continuing down to vanish at •=~r. If the scan is taken away from

the center at z=0.9” (2.3cm) where z/A~~ 0.l we find not too sur-

prisingly almost a repeat of the central scan. What can be discerned

46
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in the plotted results are a slightly hi gher  max imum a t the sam e

azimu th on the side away  from the source and a very slightly higher

amplitude at the minimum at 4=±58° . The max imum at 4=±90° nea r ly

coincides with that for the z = 0 scan. Continuing around we noticed

a somewhat si gnificant increase in the z=0.9” amplitude over that

for  t h e  c e n t r a l  scan f rom t he  i n f l e c t i o n  p o i n t  at  4 ± 123 ° . At

4 - n  the two scans eventually vanish together. As we move further

along the 2-axis to z=l.8” (4.6cm) where z/A ~~~0 . 2  we f ind the

measured scan of surface charge density is nearly the same as that

observed for smaller z values for the ranges of azimuth 4,~3~ ° and

4~
140° • At z=l .8” we observe the first maximum lying slightly

h i g h e r  and sh i f ted s l i g h t ly toward l a rger  4 relative to the corres-

ponding observed results at smaller z. As 4 increases  beyond the

maximum we again note a steady decrease to a minimum coincident

with that observed for scans of smaller z. The principal differenc e

out at the larger distance from the center is the higher amplitud e

found for the scan from the maximum to the minimum . As can be seen

in figure 13 at the z=l.8” minimum the squared amplitude of the

observed surface charge density is 50% greater than the corresponding

value measured for smaller z. It should be noted that at this scan

we are a distance of 1.7” (4.3cm) from the end of the hollow cir-

cular tube. Alternatively these scans are about 0.l9A from the ends .

Thus the deviation in behaviour of the z=l.8” scans from those for

smaller z can be predominantly attributed to the effects of ends

of the finite length tube. These effects are further enhanced by

taking scans of the squared amp litude of the surface charge density

48
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fu r ther ou t a long  the ax i s .  In  figure 13 we show the me aciired

results around the cylinder at z=2 .7” (6.86cm) . At t h i s  p o s i t i o n

along the cyl in der  ax is the d i s tanc e f r om t h e scanned c i r c l e  to the

nearby tub e end is 0.8” (2.03cm) = 0 . 0 8 7 A .  As we can readily observe

i n f i g u r e  13 the sq uared ampl i tude of the s u r f a c e char ge dens i ty

starts out from the null at ~~0° on the side away from the source

and monotonically increases to a maximum at about ~=±34° as we uve

toward i nc reas ing 4 v a l u e s .  The az imuth at which this maximum occurs

is onl y s l i g h t ly la rg er than tha t cor respond ing to sm a l l e r  z va lues

i.e. for scans further from the ends of the t u b e .  At t h i s  m a x i m u m

the amplitude has dropped slightly from the heig ht observed for

z=1,8 and is about that for the measured value for z=0.9” . It

should be emphasized however that the experimental values for the

amplitudes in this reg ion of 4 are all pretty much the same. The

differences amount to about 7-8%. With further increase in azimuth

the z=2.7” scan is qualitatively the same as those for smaller values

of z. We first note a continuous drop in the squared amplitude of

surface charge density to a minimum at about the same azimuthal

position as found for the other scans. Now however we note a further

marked increase in height at the minimum . The heig ht here is about

1/3 over that for the z=l.8” scan and about 50% above those for the

z=0 and z=0.9” scans. W~ving further around the tub e we see t h a t

at z=2.7” the results indicate the same qualitative characteristics

as those for smaller z. In the z=2.7” case however the amplitud e

squared is noticeably hi gher than was obtained for smaller until
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way around on the side facing the source. From 4~~ l32° on to 4~~i

this departure in amplitude fades away and indeed the height for

even lies sli ghtly lower than the hei g ht for z=0.9” over part

of this range of azimuth. The second maximum for the z=2.7” scan

lies at about 4=±90 in common with the location of the other scans .

At this maximum the z=2. 7” scan is about 25% higher than the z 0

and z=0.9” scan maxima and about 10% higher than the corresponding

maximum in the z=1 .8” scan. There is again an inflexion point

which is somewhat more difficult to find at z=2.7” . It occurs at

about 4=±126° quite close to that position for smaller z scans .

We thus note that moving closer to the end of this cylinder results

in higher maxima and also hi gher amplitudes at the minima . Even the

inflection point seems to indicate hig her surface charge density

as we approach the tub e ends. These changes occur while the locations

of the maxima , minima and inflection points remain almost unchanged

with location along the axis of the tube.

Fi gure 13 also displays super- imposed on the experimental

results the theoretical squared amplitude of surface charge density

for an infinite cylinder. The infinite cylinder has the same circum-

ferenc e to wavelength ratio y~~rD/A 2.40 and the normally incident

radiation was assumed H-polarized. The theoretical distribution for

the infinite cylinder as shown in fi gure 13 was normal ized to the

measured value at z=0 for 4=±45° . :-t is immediately evident that

the infinite cylinder distribution disp lays the same characteristics

as the measured scans. It predicts a null at 4=0° followed by a
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con t inuous r ise to a max imum , th en a con ti nuous  dec rease  to a

minimum foll owed by a continuous increase to a second hig her lying

maximum . From this hi gher max imum it drop s m o n o t o n i c a l l y  to  zero

at ~~=-n after first passing through a point of inflexion. Even

though there  i s a s tr i k ing ly c lose  r esembl ance of the m easured da ta

for a l l  pos iti ons of the scan ni ng c ircle  a long  the cyl inder ax is ,

to the n o r m a l i z e d  theore ti cal pred ic tio ns for  the induced su r face

charge density on the infinite cylinder there are some clear dif-

ferences that stand out in figure 13. First the squared amplitude

for the infinite cylinder lies below all the measured distributions

up to 4=±45° , the fitting point for z=0. As 4 i nc r ea se s  f r o m  t h i s

azimu th to about 4=±65° the squared amplitud e of the surface charge

density on the infinite circular cy l inder  succe ssi v e l y  cl imbs abov e

that measured  for  increa si ng d is tance f rom the cen ter o f the f ini te

length cy]Jnder . The first theoretical maximum occurs at 4~=± 35° ,

just beyond the measured first maxima . The first minima which is

just a shallow di p in the theoretica1 curve occurs at about ~=~~52°

which is somewhat sooner than observed for the scans on the finite

leng th circular tube. From the first minimum on the theoretical

curve con tinues to lie si gnificantl y higher than the measured scans

for z=0 and 0.9” i.e. near the finite tub e center line. For ~ from

±55° to ab out ±90° , the normalized theoretical predictions are about

the same as the measured values for the scans taken closer to the

tube ends. The second and hi gher  m a x i m u m i n the theore ti cal curve

occurs at about 4=~ 95° . Th is i s loca ted somewha t pas t the top and

Si
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bottom of the in-finite cylinder towards the source and is about 5°

fur ther around than all the correspondin g observed maxima . The

theoretical inflection point is not too markedly visible but does

occur  a t abou t the  sa m e a z i m u th a l pos it ion as fou nd fo r  the scans

of the finite length cylinder. From about 4=±100° on around the

in f in it e cyl i nder  theory  pred i c ts tha t the squa red ampl itude of the

sur face  charge  dens i ty wi ll exceed th at fo r the f in it e leng th

cylindr ical tube. The difference is in fact quite large for azimuths

from 4=±lls° to 4=±145° . All in all , however , inspec ti on of f i g u r e

13 sugges ts ra ther strongly  th at the inf ini te cy l inder induced

surface charge distribution is a rather good approximation to the

same quan tit y for  the f i n i te c y l i n d e r  over mos t of it s leng th .  This

is so p rov ided  we are  no t too c lose  to the cyl inder ends and i f the

leng th of the finite cylinder is about one-wavelength in size. It

would thus appear that for such cylinders (recalling -y 2.40) one

ca n use the pred ic ted inf in it e cyl inder s u r f a c e  charge  dis tr ibu tion

and one measurement for the finite cylinder at z=0 and say 4 ±45°

and have the surface charge distribution for the entire finite

leng th tube , excep t very near the ends. For most practical purposes

thi s distribution would be satisfactory .

4. Surface Current Distrib ution on the Outside wall of the

Hollo w Open Ended Circular lube .

We can compare our meas urem ents of the squared amplitude of

each of the components of surface current on the outside ~:I11 of the

open r’nded tube with two separate theoret i cal modes of solution .

S2
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The first is that of the asymptotic limit of an illuminated circular

cylinder of infinite length. Comparison of emp irical results with

the theoretical predictions for the induced surface current distri-

bution on an infinite cylinder enables us to determine how useful

the relatively simple ideal solution is for describing the currents

on a re al , three dimensional , cir cular , ope n ended tu be .  In  car ry ing

out such comparisons limitations naturally present themselves to

guide us in using the infinite cylinder as an approximate means of

predicting the currents on a finite length , open , h o l l o w , circular

cylinder. The secor.d theoretical mode of solution that of C. C.

Kao ’4 17 is in fact only an approximate attempt at analytic resolu-

tion fo r  the diffraction characteristics of the finite length , empty,

open , c i r c u l a r  t u b e .  C o m p a r i s o n  i~i t h  t he  m e a s u r e d  r e s u l t s  p e r m i t s

us to es tabl i sh the degree  of accuracy  rep res en ted by tha t theo ry

fo r  the finite tube . Further , by detailed examination of both the

measured data and the calculated currents for a finite tube , insi ght

can be gained into the reasons for the shortcomings of the approxi-

mate theory.

Comparison of the data with predicted values of the current s

from both the infinite cylinder theory and the finite tube theory

for the two tubes measured thus g ive us quite valuable information

for  the gene ra l  p rob l em of d i f f r a c ti on b y a finite , c i r c u l a r , open

t ube .

14. C. C. Kao , op. ci t.
15. C. C. Kao , op.  c i t .
16. C. C. Kao , op. cit.
17. C. C. Kao , op. cit.
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The firs t set of data to be discussed are those shown in fi gure

14. Inc luded  in t h i s  f i gu re a r e c i r c u l ar scans around the tube a t

f ixed  d i s t a n c e s  a long  the cyl in d r i c a l  ax is . These azimuthal scans

are the measured va lues  of the  squared amplitude of the 4-component

of magne t ic f i e ld , jus t off  the ou ter s u r f a c e  of the tub e , per unit

inciden t m a g n e t i c  f i e l d  ampl i tude squa red .  Exc ep t  for  a very sma l l ,

and ins ig n i f i c a n t er ror , these scans are identical with the corres-

ponding scans of the squared amplitude of the z-component of surface

curren t on the ou tside wal l  of the f in it e len gt h , open , tube at the

same pos itions . Because of symmetry the results obtained for fixed

z, are identical with the current component on the other side of

center at -z. We exhibit explicitly the scans of 1K 1 (0,a )12 vs 4

for z=o , i.e. in the plane perpendicular to the cylinder axis and

bisecting the cylinder , and in pa ra l l e l  p lanes  cor r e spond ing  to

z = A/4 = 0 . 2 1  ( L / 2 ) ,  z = A / 2  0 . 42  ( L / 2 ) ,  z = 3A /4 0.63 (L/2),

z = A 0.84 (L/2) and z ~ L / 2 .  Jux taposed on these mea sured da ta

are calculated values for JK ~~
(4,afl2/JH 0

J 2 for the inf inite cylinder

with circumference to wavelength rat~io y ~iD/X = 3.82 and assuming

the inc ident  r a d i a t i o n  is d i r ec t ed  normal  to i t s  ax i s  and is

polarized parallel to that axis. At 4 = 180° i.e. on the s ide f ac ing

the incident E-polarized incoming radiation the infinite cylinder

p red ic t ion  for the  su r f ace  cur rent  has been n o r m a l i z e d  to the  measured

- , value  for  the f i n i t e  tube at the p o i n t  4 =180° and z = o .  The f i n i t e

t ube a l so  has been i l l u m i n a t e d  at b roads ide , normal  inc idence  b y

p lane  r a d i a t i o n  of wave l eng th  A = l 2 . 3 c m  p o l a r i z e d  p a r a l l e l  to i t s

54
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E - P O L A R I Z A T I O N

- A = 12.3 cm A 
—) = i r D/ X = 3.82 2 — 0  •

- 
L/A =2.38 A

• ~- - CYL (NORMALIZED AT ~ = 180

K ao THEORY (N O R M A L I ZED AT Ø~ 180 --) • = A /4

0 1= 0 a /
A z=0.48~ ~F O R N = 8 /

N
o z= 1 .03 X J /

4 A
- 00

• /
-

~~~ ~~~~~0

0.5 

0 
:

/A 0

a /
o / o

‘ O A O  .~Z
- - - 7’ ~~ — 

- - — 
z L/2

0 
0 / - 

~ 0 
,
,.O ~~~ ~~

- — 
-

• ~~~~ ~~~~ ,
,-~~ -~~~

- 

- 

I
0

0 
30 60 90 120 150 180

FIG 14 A NG U L A R  DI ST R IBUTIO NS OF S U R F A CE C U R R E N T  I K 1 I , ALONG A HOLLOW C Y L I N D R I C A L
TUBE OF DIA ME TE R D = 6 1/8” (15,6 cm) AND LENGTH L = 12” (30.5 cm),

0.3 — 

E - P O L A R I Z A TI ON , A = 12.3cm 0 Kao THEORY (N = 8) AT z = 1 .03A
— ‘V = 3.82, L / A  = 2,38 (NORMALIZED AT 4 = 2 0 )o ~ 0. 2 —

I
— N-

— 
~~ z =  X12

(‘4 —

N 
~~~ 

— z = X/4 2 L/2

FIG. 15 ANGULAR SCANS OF AZIMUTH AL SURFACE CURRENT ALONG OPEN ENDED HOLLOW
C Y L I NDR ICAL TU BE OF D = 15,6 cm , L = 30.5 cm.

— ~~~~~~~~~~~~~~~~~~~~ a.— — ‘— = — - ‘ .~.~ — ‘ —  .. — — - . - - ‘ - - - - ‘ - -~~~~~~~ — --



N ~-;~~‘ ( :/ WI) 1./FR 7 () — 74

a x i s .  For the finite tube the ci rcum ferenc e to  w a v e l e n g t h  r a t i o  i s

a l so  y =~i l ) / A = 3 . 8 2 .  H o w e v e r , t h e  f i n i t e , h o l l o w , open t u b e  has  a

length to incid ent r a di a t i on wave length 2h ~~L/A =2.38. Clearl y

the b e s t  a g r e e m e n t  b e t w e e n  f i n i t e  c y l i n d e r  data and infinite cylinder

predictions should occur around the zr s c a n ,

Let us now proce ed to a detailed discussion of the emp irical

s u r f a c e  c u r r e n t  r e s u l t s  a c c o m p a n i e d  b y a corresponding detailed

c o m p a r i s o n  w i t h  t he  n o r m a l i z e d  t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e

infinite cylinder. Focussing first on the measured squared amplitude

of the long itudinal component of s u r f a c e  c u r r e n t  a r o u n d  t h e  c e n t r a l

c i r c l e  of  the f i n i t e  tube we f i n d  a m a x i m u m  on t h e  s h a d o w  s i d e  a t

~~0°. The current then falls continuousl y ~ ith increasing angle

4 to  v a n i s h  at  the n u l l  at about 4=±36 °. It then increases steadily

to a second hut lower ly ing maximum a t  about -~=±54° as ~ continues

to increase. This second maximum is about 80~ lower than the peak

at ~=Q~ on the side away from the source. Note that the normali: ed

theory for the infinite cylinder also shows a maximum at ~=0 ° and

a continuous attenuation with increasing azimuth 4 until a null

appears at about the angular locations as measured on the finite

length tube. The infinite cylinder ieak a t  4=0 ° is only about 2S~

as hi gh as the measured maximum for the finite length cylinder.

Unlike the experimental observations the infinite cylinder theory

predicts an increasing long itudinal component of current with

increasing azimuth until the angular position 4~~ ±76° at which it

displays not a maximum hut a point of inflection. The squared

S (~

- -— - - - - - - -j.- - . . . -- -~~
-,—- — —~~~ — -—-—S - - - - -

~~~
__ -- — -



N sw ( :/ w o L/ TR 7 6 - 7 4

cui-rent at  t h is i n f l e c t  i o n  p o i n t  i s  about 10 0 ?  h i g h e r  i n  amp 1 i t u d e

than that a t  4=0° . However the measured amplitude squared for the

long itudinal component of current and the theoretic a lly predicted

value (normalized a t  ~= l 8 0 ° ) f o r  the infinit e cylinder are compar able

at the a:imuth for the second measured peak of the z=O scan. We

observe t h a t  as -:~ increases beyond that for the second peak in the

m e a s u r e m e n t s  t h e  o b s e r v e d  a m p l i t u d e  a g a i n  f a l l s  off steadily to a

very small amplitude , almost vanishing , at ~~~±7l °. This just

precedes the first inflection point in the infinite cy linder pre-

diction for the correspondin g surface current amplitude. Following

t h i s  v e r y  l o w  l y i n g  observed minimum the experimental data show a

q u i c k  r i s e  with incre ased azimuthal angle to a point of inflection

at about ~= * 8~)°. Thereafter the measurements display some barel y

d i s c e r n i b l e  s t r u c t u r e  f o r  the next few degrees as ~ i n c r e a s e s  o v e r

t h e  t o p  a r o u n d  t o  the illuminated side accompanied by an increase

i n  a m p l i t u d e .  Once on t h e  s i d e  of  the  f i n i t e  t ube  f a c i n g  the

i n c o m i n g  P l a n e  i~ave the squared amplitude of the long itudinal

current increases steadil y and quite sharply with increasing -~~

until another inflection point is observed in the emp irica l results

at about ~~ ~116° . The infinite cylinder predicts on the other

hand  a s i m i l a r  b e h a v i o u r  f r o m  t h e  i n f l e c t i o n  p o i n t  a t  ~z ~7h ° t o

a subsequent inflection point at about :Z ~l 2 5 ° . B e t w e e n  t h e  t w o

i n f l ’~c t i o n  p o i n t s  on the  theoretical curve for the c u r r e n t  on the

i n f i n i t e  c y l i n d e r  t he  P r e d i c t e d  a m p l i t u d e  f o r  t h e  long i t u d i n a l

c u r r e n t  c o m p o n e n t  l i e s  c o n s i d e r a b l y  h i  g h cr  t h a n  was  o b s e r v e d , over
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the same range of azimuthal variable , for the measured component

for the finite length , open-ended tube . It is quite clear from

even a casual glance at fi gure 14 that the infinite cy linder theory

quantitatively deviates markedly from the observations for the

finite cylinder for this range of azimuth. It is nevertheless

interesting to note that , qualitatively, they are similar over this

range of 4. From 4 = ±125° the measured distribution rapidly rises

with further increase in 4 to its hi ghest value at 4 l80° which is

an o rder of m agn it ude l a rge r  i n v a l u e  tha n the me asured  peak  on t h e

very back of the finite tube at 40° . The normalized infinite

cylinder pred iction for K (4)12 over this range of ~ exhibits much

the same behaviour as the measured squared amplitude of K2 (4,
a) 12

for the finite cylinder. Summing up we note that the infinite

c y l i n d e r  theory , ass uming  n o r m a l i z a ti on to the mea su red va lue fo r

K Z J 2  at 4 =0 ° in  the  z = 0  p l a n e , c l o s e l y  a p p r o x i m a t e s  t he  emp i r i c a l

cur ren t ampl it ude fo r  the f in it e leng th c i rcula r tube f rom ~~~±l30°

to 4=180° . The agree men t i~ ra ther  poor over  the ran ge f rom

4~~~± 8O° to 4~~~±1 3O° . For the remainder of the azimuthal scan they

again are in more or less good agreement. Utilizing C. C. Kao ’s

compu te r prog ram i n it s h ighes t order  of appr ox i m at ion , wh ich gave

i t s  best  theo r e t i c a l  r e s u l t s , we ca l c u l a t e d  h i s  p r e d i c t i o n  fo r  the

a z i m u t h a l  d i s t r i b u t i o n  for  the  squared  a m p l i t u d e  of the  long itudinal

curren t component for the same scattering problem studied in the

laboratory. The dis tributions obtained for different z values from

the Kao theory for the finite open ended tube are also dep ic ted in
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fi gure 14 simultaneousl y with the i n f i n i t e  cy linder theory predic-

tions and the measured current scans. We also normalized the

n u m e r i c a l  r e s u l t s  o b t a i n e d  f r o m  Kao ’ s theor y to the measured results

at ;= l - S 0 ° . C o n s i d e r  the normalized distribution for 1K (0,a) J2 as
z

g i v e n  by Kao ’ s t h e o r y  a r o u n d  the central scan. -\t - t = 0 ° Kao  p r e d i c t s

a m a x i m u m  w h i c h  m o n o t o n i c a l l y  de c re ases  as ~ i n c r e a s e s  u n t i l  i t

predicts a null at about ~~~~t 3 7 °  which lies quite close to the

p o s i t i o n  of t h e  m e a s u r e d  n u l l .  A l t h o u g h we o b s e r v e  a r a t h e r  good

q u a l i t a t i v e  a g r e e m e n t  of t h e  t h e o r e t i c a l  p r e d i c t i o n  f o r  t h e

long itudinal current components a m p l i t u d e  w i t h  t he  m e a s u r e d  r e s u l t s

over this range of azimuth the same s i t u a t i o n  does no t  h o l d  quan-

ti tat ivel v . The peak predicted by Kao at ~=0 ° is about 4 times

hi gher than the measured value . Over the range of 4 from 0° to

the first null at 4~~~±37° the Kao prediction for the current is

q uantitatively far apart from that predicted for the infinite

c y l i n d e r .  Isith further increase in azimuth the Kao prediction for

shows a steady increase to a second lower peak at about

-~-~~~~85° . Th is disagrees both qual itatively and quantitatively

with the measurements and also the current predicted by infinite

cylinder theory . Kao ’s theory then indicates that the long itudinal

current component amplitude decreases with increasing azimuth until

another high lying minimum appears at about 4~~~~l13° . It should

he no ted  t h a t  t h i s  m i n i m u m  i n  the Kao theory for the long i tud ina l

component  of c u r r e n t  l i e s  in t h e  v i c i n i t y  of inflection points found

in  the  e x p e r i m e n t a l l y  obtained scan and also in the infinite cylinder
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predict ions. From ~~
-
~~~

- ~l20° on to t= 180° Kao, the infinite cylinder

and the measureme nts all exhibit qualitatively the same rap id rise

to a hi gh m aximu m at -~=l80 °. However the Kao current over this

range lies considerabl y lowe r than the experimentally obtained

current and the normalized infinite cylinder prediction for 1K 1 2 .

Of course all three coincide at 4=180° . At this point we can make

the observation that the Kao theory for z=0 appears to be of

questionable reliabilit y f o r  p r e d i c t i n g  IK (4,a)I for a finite tube.

Next we examine the distribution of the squared amplitude of

the long itudinal component of current around the finite length tube

at z=A /4 i.e. about one-fifth of the way from the central scan

toward the open end . Only the experimentally obtained scan is

shown i n f igure 14 for z=A /4. It should he recalled however that

the inf ini te cy l inder  l im it p r e d i c ts a lon g itudinal component of

current that is the same for all values of z along the c ; ,l in d e r .

Thus we can compare our measured data with the same normalized

infinite cylinder predictions for the value of 1K ~~~~~ 
2 shown

in f i gure  14. A casua l  g lance at the two sets of results for

z=A /4 reveals qualitative similarities between them. They both

have a low lying peak at 4=0° with the experimental value l y ing

a t  about  h a l f  the  hei ght of the infinite cylinder value there. The

measured  data  show a s t eady  dec rease  to a m i n i m u m  at  abou t ~~~32° .

At this minimum the h e i gh t  is about half that of the peak at 40° .

Note that this minimum occurs somewhat before the null in the

infinite cylinder distribution at 4 3 6 c wh i ch by the way  i s the

60
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l o c a l e  a t  which the :=0 n u l l  a l s o  o c c u r s .  N o t e  a l s o  t h a t  the

z = i / 4 p e ak  a t  ~~0° i s  a b o u t  o n e - f i f t h  as hi gh as t h a t  f o r  t h e  z =~)

d i s t r i b u t i o n .  C o n t i n u i n g  the z=A /4 scan on around the c y l i n d e r

we f i n d that the m e a s u r ed ampi i t ud c of  t h e l o n g i t udinal component

of  s u r f a c e  c u r r e n t  s t e a d i l y  i n c r e a s e s  t o  a s ec o n d  l o w  l y i n g  m a x i m u m

at about ~= .53 °~ T h i s  peak  i s  v e l \  c l o s e  to  t h e  one o b s e r v e d  on t h e

z= () scan of longitudinal surface current and f u r t h e r m o r e  b o t h  r i s e

to about the same heig ht. Unlike the z=0 s u r f a c e  c u r r e n t  s c a n  t h e

second  p eak  f o r  the :=~ /4  c u r r e n t  d i s t r i b u t i o n  is j u s t  u n d e r  t w ic e

that of the ~=0 ° peak. l~ith further increase in the azimuthal

variable we o b s e r v e  a non-vanishing second min inum in

f o r  z = A / 1  at about the same value of 4 for the 4=0 ° scan. Un for-

t u n a t e l v  some rather indistinct structure in the measured amplitude

of surface current for z=A /4 in this neighborhood of 4 blurs the

actual detailed behaviour. J u s t  as observed earlier in the z~~

s c a n  we n o t e  that the m e a s u r e m e n t s  f o r  z=~~/4  r e v e a l  a p o i n t  of

i n f l e c t i o n  j u s t  b e f o r e  4 reaches the top of the tube a t  90 ° . Isi th

further increase in the a zimuthal variable so that we are around

on the side facing the source we find just as for the infinite

cy linder and the z=0 scan of J K J  the a m p l i t u d e  ri se s and passc- ;

through another inflection point on the :=A/ -l scan. For the latter

this point appears earlie st a t  ~ihoii t ~= + l 0~~°. }:I.om there on around

the amplitude of the long itudinal current component squared for

z=A /4 behaves just as the correspond i ii -~ quantity for z 0  in that it

r i s e s  m o n o t o n i c a ll y  to  i t s  h i g h e s t  v a l u e , a m a x i m u m , a t  4 180° .
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Here at  4 = 180°  the  hei g ht  of the peak for z=A /4 is about three

fourths that for z=0 . It is also worth noting that from O ±30°

to about 4=÷l20° the amplitudes measured for z 0  and z=A /4 are

pretty nearly the same with both lying substantially lower than the

infinite cylinder theory predicts. Next we consider the azimuthal

scan of K(4 ,a) 12 at z=A /2 as found experimentally and the corres-

ponding  normal i zed pred iction of that quantity calculated via Kao ’s

compu ter program . Ac tu a l l y  we ca lcu la ted w it h Kao ’s technique at

z= 0.48A . The difference from the distribution at exactly z=A /2

should be qui te insignificant . At half a wavelength from the

centerline scan we find the expected peak at 0=0 °. Th is maximum

has a hei ght about halfway between that for z=0 and that for z=X/4.

As the a z i m u th increases  the measured squ ar ed su r f a c e  cu r r en t

amp litude continuously drops until it vanishes at about 4=~ 43° .

Note this minimum occurs at a somewhat larger value of 4 than we

observed in the measurements earlier for smaller z , as w e l l  as the

a z i m ut h predic ted by infinite cylinder theory. Kao ’s th eory doe s

predic t a min imum in th i s  nei ghborhood of 4 but it y ie l d s  a

r e l a t i v e l y  hi gh lying and non-van ishing amplitude . His normalized

t heo ry  a l so  p r e d i c t s  a m a x i m u m  for  0=0 ° wi th he i gh t comparab l e  t~

t h a t  fo r  4=0°  and z = 0 .  The Kao peak at 0=0 ° f o r  z = 0 . 4 8 X  is about

f i v e  t imes  as hi g h as t he  measu red  v a l u e  t h e r e .  The z = X / 2  measu red

distr ibution for JK
~~
(4,a) l 2 ra ther  c l o s e l y  f o l l o w s  the  in f i n i te

cyl inder theory from 4~~ 
+45° up to about 4~~ 81° . Beyond 4~~~55° we

f i n d  the  measured  d i s t r i b u t i o n  at z = A / 2  l i e s  above the  d i s t r i b u t i o n s
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for  s m a l l e r  z bu t  be low the  i n f i n i t e  c y l i n d e r  p r e d i c t i o n s  up to

abou t 4~~~120° . It still displays about the same qualitative

characteristics as the infinite cylinder theory predicts although

it lies substantially lower all the rest of the way around to

4=180° . The z=A /2 scan re sembles the z=A /4 scan lying above it

from about 4~~ ±60° crossing it at 4~~~±136° and then l ying above it

the rest of the way and also reaching a maximum at 4=180° . At this

po in t we are beg inn ing  to d iscern an ev o lu ti on i n the meas ured an g u l a r

d is tr ibu t ion of I K~(4) 
1 2 f o r  the f in it e len gt h tube as z increa ses

from the central value . This evolution in behaviour is the direct

consequence of the finite length of the tube. It is quite si gnificant

to no te the angul ar d istr ibu ti on p red icted by the Ka o theory  f o r

K (4,a)I2 at z=0.48A . We have already observed that this theory

y i e l d s  a h igh lying peak at 4=0 ° f o l l o w e d  by a h igh ly ing m in imum .

It then predicts a small rise to a second maximum at about 4~~~±54° .

T h i s  is  not  too s u r p r i s i n g.  However  w h a t  f o l low s  t h i s  as 4 i n c r e a s e s

is quite interesting. We find another re~ ative 1y low-lying minimum

at about 4Z ±80° and then a remarkably steep ascent to a very hi gh

peak at about 4~~~±l2 0° ano ther  s teep drop to a m inim um ne ar 4~~~±l60° .

The hei gh t  of t h i s  m i n i m u m  is a lmos t equal  to t ha t of the max imum

for  4=180°  and z = X / 2 .  In turn the Kao theory then predicts a small

increase wi th 4 to a peak at 4=180° . The predicted behaviour of

this current distribution at z~~ A / 2  ob t a ined f ro m the Ka o theory

is very  r a d i c a l l y  d i f f e r e n t q u a l i ta t i v e l y  and quan tit a ti ve ly  f rom

the experimental observations for the finite length tube and also
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the  lim iti ng case of the infi nit e cyl in de r . Th i s depar ture is so

significant as to raise serious questions concerning the reliability

of the Kao analytic solution. Reinforcement of these doubts is

added by cons iderations we shall make later concerning the other

componen t of s u r f a c e  cur ren t - n a m e l y  th is compon ent , IK
~~

I , is

q u i t e  sm a l l  a t z~~ A /2 as was found both experimentally and by Kao ’s

theory . Note , in pas si n g ,  for z~~ A/2 we are about half way between

the center of the finite tube and its end. Now let us move further

out along the hollow , open ended circular tube to z=3A /4 0.63(~~)
We are now s c a n n i ng  on c i r c l e s  c l o s e r  to the  tube  end t h a n  to the

tube center. Not unexpectedly we find from here on out along the

z = a x i s  t h a t  I K I  decreases quit e rap id l y  o v e r a l l  as the end of the

tube  is approached . No te  K is d i r e c t e d  n o r m a l  to  the  tube  edges .

Experimen t again shows a maximum at 4=0° . This peak ha s a hei ght

abou t equal to that for the peak observed at 0=0° and z=X 14 . W i t h

increasing 4 the measured squared amplitude K (4,a )I 2 falls off ,

ly ing just below the corresponding quantity for z=A/4 , to vanish at

a min imum at about 4~~ ±36° . W ith further increase in the azimuthal

var iable 4 the  m e a s u r e m e n t s  revea l  an i n c r e a s i n g  K~ (4 , a ) I 2  which

almos t coincides with the measured results for the z=X/4 scan until

abou t the value of azimuth 4~~ 8O° . We observe by inspection of

figure 14 that from 4~~ 60° to 0=180° the emp i r ica l l y  ob ta i n e d

d istribution at z=3A/4 , IK z (4,
a)  

~ 
is quite similar qualitatively to

the measurements obtained at z=X /2 over that range of azimuth.

Both of these experimental distributions are qualitatively very much
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like that predicted for the infinite cylinder over the same range

of angle 4. The princi pal difference exhibited by the measured

results for the longitudinal surface current distribution at

:=3k/4 is man i fested by the hi gh degree of attenuatio ’-i of the

amplitude. For purposes of illustration we note that the maximum

peak hei ght at 4=180° and z=3A /4 is about half that measured at

~=l80 ° and z = A / 2  and is also about one fourth that for 4=180° and

z= 0 .

Continuing out to the a n g u l a r  d i s t r i b u t i o n  of  K
~~
(4,a) I2

obtained at z A  we again can compare experimental results with

infinite cylinder theory and with calculations from Kao ’ s theo ry .

Al though the latter surface current was determined for z=l .03X

it should be very close to the surface current distributi on for

z=). itself. The measurements of l K z (~~~,~~~) 
2 for z =X show t h a t  the

a m p l i t u d e  of t h i s  c o m p o n e n t  of c u r r e n t  i s  v e r y  s m a l l  up to abou t

the azimuthal ang le ~~ ~60°. N evertheless it still shows the same

structural characteristics for lowe r values as observed for

smaller values of z. This i,ehaviour we shall see reflected in

the  m e a s u r e m e n t s  f o r  l K 4
(~~, a ) I 2  a t  :=~~. Fo r larger values of

azimuthal angle we note a ~-erv slow variation in the squared

a m p l i t u d e  of t h e  l o n g i t u d i n a l  s u r f a c e  c u r r e n t  c o m p o n e n t .  T h i s

r a t e  of c h a n g e  i s  so s l o w  t h a t  it drastically masks the structural

d e t a i l  of t h e  s u r f a c e  c u r r e n t  d i s t r i b u t i o n  u n t i l  4 a t t a i n s  the

value ~ ~l00° . At that point a barely discernible point of

i n f l e c t i o n  can be found  in  t h e  e x p e r i m e n t a l  d a t a .  T h e r e a f t e r  as
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~ increases K ,U ,a) J 2 a t  z=A/2 i n c r e a s e s  to  a p e a k  a t  4 = 1 8 0 ° .

rhe heig ht of this peak is quite l ow lying just under the corres-

ponding value for z=3A /4. We a g a i n  see i n  t h e  m e a s u r e m e n t s  a r a p i d

a t t e n u a t i o n , a r o u n d  t h e  t u b e , of  t h e  c o m p o n e n t  of  s u r f a c e  c u r r e n t

directed norma l to the tube end as that end is approached. Although

there are still vesti ges resembling the qualitative behaviour of the

infinite cylinder theory predictions we are sufficiently close to

the tube end to have radical departure from that theory clearl y

evident. Consider now the prediction for the angular distribution

of K z(~~,afl2 o b t a i n e d  f rom the  Kao t h e o ry  at  :~~ A n o r m a l i z e d ,

of course , to the experimental value at 4=180° . We observe first

of a l l  in  f i gu re  14 t h a t  t h i s  t h e o r y  does r e f l e c t  t he  n e c e s s a r y

p h y s i c a l  r e q u i r e m e n t  t h a t  on t he  ave rage  a r o u nd  the  t u b e  t h e

lo n g i t u d i n a l  s u r f a c e  c u r r e n t  a m p l i t u d e  mu s t  d e c r e a s e  as t h e  t u b e

end is a p p r o a c h ed .  C le ar ly it lies well below the z~~~A / 2  s u r f a c e

current distribution. The Kao theory exhibits clearl y some well

defined structure on the hack side of t h e  tube. We see a peak at

4= 0° followed by a steady drop off to a minimum or null at

about  ~~ 50° and then a small rise to a v e r y  low ly i n g  m a x i m u m

-~t a b o u t  4~~ 
±60° a subsequent drop to a n o t h e r  n u l l  a t  a b o u t

~~ ‘70° and t h e n  a gradual rise in amplitude with increasing

azimuth ~~. This i n c r e a s e  c o n t i n u e s  w i t h  i n c r e a s i n g  4 until around

on t he  f r o n t  s i d e  of  t h e  t u b e  we a r e  a b l e  to make  out  t h e  occur-

rence of another maximum a t  about -~~~~ ~l 2 0 ° . The a p p e a r a n c e  of

this maximum i n  K ao ’ s t h e o r y  f o r  t h e  f i n i t e  t u b e  once  a g a i n  i m p l i e s

(~ ()

-——-5- 

~~
- -- 5--— , -5- —. - -- - -“ .-  - . - _ 

———‘ — — - —-—5- --5----- - - — —



NSWC / WOL / TR 7 6 - 7 4

t h a t  t h e r e  are  some q u e s t i o n s  as to the  r e l i a b i l i t y  of the  s o l u t i o n .

A s 0 i ncre ases fur ther we observe the passa ge through ano ther

minimum in IK~
(0,a) I2 at 4~~ 

±1 33° for Kao ’s theory a t z~~ A and

then a rap id rise to the peak at 4=180° . Note that the normalized

curve f rom the Kao theory  pred ic ts the su r f ace  cu r r ent ampl it ude

nea r  4 o ° to  be about  an orde r of magn it ude higher than experiment

shows for zR~3A /4. The final set of measurements for the angular

d i s tribut ion of IK z(4,a) I2 was made very close to the end of the

finite , hollow , open tub e . What we observe is a maximum at 4=0°

ly ing sli ghtly above those for z=A /4 and z>3A /4. As 4 i n c r e a s e s

the s u r f a c e  cur r en t ampl it ude for  K z at z~~ L/ 2 rema ins qu ite small

and display s so me s truc ture includ ing a null at abou t ~~ ±7 5°.

This is followe d by a very slow rise as 4 increases up to about

~~~tl22 ° well around on the front side facing the incoming radiation.

At this point an inflection point appears. IK~
(4,a) I the;. continues

to increase as 4 i n c r e a s e s  u n t i l  it attains its maximum at 4=180° .

Note that at 4=180° the peak he i ght in fi gure 14 foi- z~~ L/2 is only

about one-half that at z=3A /4 or z=X and lies well below that for

s m a l l e r  v a l u e s  of z. Again we observe a further attenuation in

IK z(~ )l as we approach the tube end. Near the end of the tube we

find h1 (z (4,
a) 12 is quite different from the infinite cylinder

theory although some resemb lances do persist.

In summ ary we note several general characteristics . Normalizing

Kao ’s theoretical distributions to the experimental values at ~=180°

r es u l t s  in significant quantitative disagreement on the shadow s i d e

‘
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near -~~0°. This is not the case when the i n f i n i t e  cy linder theory

is  so n o r m a l i z e d  so long as we do no t  ge t  too close to the ends.

Qu ali t a t i v e l y  there is considerable s i m i l a r i t y  between the experi-

mentall y obtained surface current distributions and that predicted

by i n f i n i t e  cy l i n d e r  t h e o r y . On t h e  o t h e r  hand the K a o  theory does

predict some serious disagreement w ith both infinite cylinder theory

and m e a s u r e m e n t s  as well.

I n  order to complete the picture for the surface cu ru ent

d i s t r i b u t i o n  on t h e  f i n i t e , hollow , open , c i r c u l a r  t u b e  we m u s t

c o n s i d e r t he  r e m a i n i n g  componen t  of  sur lace current namel y the

a z i m u t h a l  c o m p o n e n t  K 4 . For  t h e  l i m i t i n g  case  of t h e  i n f i n i t e

cy linder t h i s c om po n e n t  does  n ot  e x i s t  a t  n o r m a l  incidence. The

sets of measured di stributio n s for K
4
(4,a) 1 2 along the finite

c\-lind er and the calculated currents from Kao ’ s theory are shown

in fi gure 15 . At  z=0 we obtained identicall y zero amplitudes for

t h e  m e a s u r e d  r e s u l t s  f o r  a l l  ~ f o r  K f w h i c h  i s  c o n s i s t e n t  w i t h  t h e

s y m m e t i -~- r e q u i r e m e n t s  f o r  t h e  surface current components over the

finite open circular tube. The Kao theory coincides with the mea-

surements at z 0 .  For z~~ /4 the squared amplitude of

~-.as measured and found to be too small to include in fi gure 15. IVe

- - should note that all of fi gure 15 would fall at the very bottom

portion of fi gure 14 , i.e. IK 4, l except possibly a t  the very edge

of the finite circular tube is very small for all values of azimuth

4. At z=A /2 we find the measured distribution has achieved ampli-

tudes that are si gnificant enoug h to inr ’ude i n  fi gure 15 . W h a t
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we observe are a null a t  4=0 where K has a maximum a slowl y

Increasing amplitude as -
~ i n c r e a s e s  - o p p o s i t e  to  t h e  b e h a v i o u r

d i s p l a y e d  by K z - - to a ver y low- l v i  ng peak at about 4 = 33° .

1 h i s  i s a b o u t  w h e  rc ’ t h e  c o r r e s p o n d  i n~ K~ has a m i n i m u m . K
4

t hen  d e c r e a s es  w i t h  increasing ~ t o  :i null at about ~~= 50° and

r e m a i ns very small there a fter as goes  to  180° . N o t e  t h a t  roug h l y

— p e aking K~~j i s  1a r ~~- r  f o r  t h e  s i d e  f a c i n g  the source than for the

s i d e  facing ti say f r o m  t h e  s o u r c e .  K , on t h e  o t h e r  h a n d  e x h i b i t s

exactl y the opposite behaviour. N e v e r t h e l e s s  f o r  :~~A / 2  K~~I i s

quite sma il. The angular distribution measured for z=A is very

m u c h  t h e  same as  that for z=A /2. It would a p p e a r  t h a t  t h e  p r i n c i p a l

d i f f e r e n c e  i s  t h a t  f o r  := X  t h e  a m p l i t u d e  i s  s o m e w h a t  larger over the

angular scan. We n o t e  t h a t  f o r  z =~ j K
4
(
~~,

a) 12 has a second m a x i m u m

at about -
~ ~~~ ÷80 ° . This peak is s 1 i gu t  I l o w e r  i n  h e i g h t  t h a n  t h e

first on e. Further increase i n  azimuth r e v e a l s  sonic s l i g h t

s t r u c t ur e i n I K~
I 2 and a s l o w  r e l a t i v e l y  s m o o t h  d r o p  o f f  to  z e r o

at  4= 180° w h e r e  J K ~ J 2  has i t s  m a x i m u m  v a l u e . W e h a v e  superimposed

on t h e  m e a s u r e d  K , - d i s t r i b u t i o n  a t  := .~ the Kao theor y ’ s pred ic-

t ions normal i r ed  to  a g r e e  v i  t h  exper I I n e n t  at  ;- = 2 0 ° hut f o r  : 1 .  0 3 X

T hese  t i r e  p r e t t y  c l o s e  to  t h e  t heo  r e t  i ca I ~a I iies for p rec i se l v

Ihe r e s u l t s  m d  i c a t e  v e r y  c lose agreement ~ I t h  the measured

di stribut ion for K 4 ( 4 , a )  2 . ~ should however he k e p t  in  m i n d

t h a t  t h i s  sur face c u r r e n t  c o m p o n e n t  i s  I n d e e d  q u i t e  sm a l  I . Ice

next note that for the sca’t around the finite ope n , c i r c u l a r  t u b e

in toward the center a t  z=3~ /-I we find the enl p i n e a l  r e su lts

(~ 
(
•)
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indicate a marked drop in amplitude below that observed at  z - ~/2.

}:j1~~~~~ we consider the measured surface current distribution of

for :~~-L/ 2 i.e. out close to the end of the f inite

length tube. Ihe first observat ion we can m a k e  f r o m  a g l a nc e a t

f i g u r e  15 i s  t h a t  out  h e r e  t h e  c u r r e n t  1 K 4
(0) is the largest.

Roug hl> speaking the amplitude for z~~ L/2 is about twice that for

z~~~ and  a b o u t  an o r d e r  of m a g n i t u d e  h i g h e r  t h a n  f o r  :~~~X / 2 .  For

:~~ L/ 2  not onl y is the same q u a l i t a t i v e  c h a r a c t e r  seen  t h a t  w a s

found for smaller z for 4~~~l00° hut we can make out some additional

structural features namel y another maximum at about ~~ ~l30 ° and

then a decrease with increasing azimuth around to ~=l80 °. We also

n o t e  a qualitative difference from K 4
{ 2  for smaller z. This is

the hi gher peak occurs at 4~~ 
±75° just around on the backside

rather than near 4~~ ~25°
. Briefly summarizing w h a t  we h a v e  f o u n d

f o r  KJ ~ , a )  2 we n o t e  t h a t  i t s  b e h a v i o u r  i s  r o u c h l v  c o i n n l e m e n t a r v

to  t h a t  of K~~L~ , a ) I 2  i . e . m a x i m u m  and minima interc hange. -\l so

i s  q u i t e small and very likely only becomes appreciable as

wc- get very close to the ends of the finite , open tube.

As we have  seen  t h e  Kao a n a l y t i c  s o l u t i o n  f o r  t h e  f i n i t e ,

c i r c u l a r , open ended , h o l l o w  t u b e  appears to  he s o m e w h a t  u n s a t i s f a c -

t o r y .  T h i s  i s  c e r t a i n 1 ~- t r u e  f o r  cy l i n d e r  l e n g t h s  t h a t  e x c e e d  t h e

s a v e l e n g t h  of the incident radiation . It would then a p p e a r  t h a t

i n v e s t i g a t i o n s  of  a h o l l o w , open c i r c u l a r  c’.linder with length to

wavelength ratio , 2h/A = L/A <1 should be niore appropriate f o r

testing the Kao analytic results. Since our second c y linder has a

70
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l e n g t h  t o  w a v e l e n g t h  r a t i o  L / A  = ().7(6 t h e  results of the corres-

ponding measurement program provide a vehicle for effecting this

evaluation of Kao ’ s theoretical p redi ctions. Of course the emp irical

results themselves independently pr ovide u s with an important set of

data that characterize a finite , hollow , open circular tube.

The next c~- l i nd e r subjected to experimental investigation was

of diameter I)=7” (17. 78cm ) and leng th L = 7”. f:or this cy linder

the wavelength of the normal , broads ide i tic i de n t r a d  i a t  i on was

A = 23. cm . Thus for these studies the essential parameters of the

problem were: (1) t h e  r a t i o  o f  circumference to incident wavelength ,

y = itO/A = 2.1 (1 and (2) the ratio of c y linder length to incident

wavelength , 2h/A = 1/A = 0.766 .  l%hat we have is indeed a short ,

fat tube in this case. However the dimensions tire not as Ymptotic

in any sense. Not only can ~e assess the relah fl i t - - c of the Kao

theory for this cy linder hut we can also evaluate the extent to

which infinite cy linder theory can he safely used to predict surface

currents for this short tube. Althoug h i t  would a t  f i r s t seem

s o m e w h a t  far fetched to u t i l i z e  i n f i n i t e  c y linder theory for such

a s h o r t  e v I l  nder we — h a l l  see he l o w  t h a t  this a p p r o a c h  h a s  its

me r i t s

( h e  fi r — t  cas t ’  invest i gated for this c y linder was for the

inc ideri t rad l i l t iO fl p o l a n i  r ed p a r a l l e l  to  t h e  ax is of the tube

i h i s  i s  t h t -  l - p o l a r i r ; i t i o n  c a s e .  S c a n s  o f  t h e  a n g u l a r  d i s t r i b u t i o n

of  t h e  s~~ u t i  red : Im I )  I i t  t ide of  each of t h e  c o m p o n e n t s  of surface current

we t- c made around ci r c l e s  in pl a n t - s throug h the center of the cy linder ,

t~ISWC/WOL/TR 76-74
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e . at z = 0 , and i n  p l a nes  di Sl)laced f i - o w t b - c  c e n t e r  a t z = L/ 8  =

0.  ( ) 9 (  , z = L/-) = 0.  1 ~) 2 \ , z = 3L/ 8  = 1) .2 8 8 1  , and out nea r the

ends  of t h e  t u b e  a t  ~~. L/2 0. 38~ . ( l b s c r v a t  i o n  of  t h e  d a t a

r e v e a l e d  j u s t  as for t h e  l o n g e r  cylinder studied earl i i  t h a t  in

each  ca se  K .  I , z )  I = K. (F , - z )  I and I K .  (L : )  I = j K. (-  - p , :)

Co n s e q u e n t 1~’ we once  aga in  need o n l y t o l ) r e s ( -n t  h e r e  t he  r e s u l t s

for 0 ~ 180° and 0 ~ ~ 112.

Let us beg in the discussion b y considering tile infinite cylinder

p r e d i c t i o n  f o r  t h e  s u r f a c e  c u r r e n t  on a c i r c u l a r  cy l i n de r w i t h

= 2 . 4 0 .  For  a n o r m a l l y  i n c i d e n t  F-polarized wave infinite cy linder

theory predicts the existence of onl y an axial or long itudina l

component of current on the outer surface. l his current is m dc-

p e n d e n t  of t h e  z - c o o r d i n a t e .  For  the i n f i n i t e  c y l i n d e r  at ~ = 2.40

we h ave K
4
(4,a) = 0 for all 4 and  a l l  z f o r  t i ì e c a s e  of L - p o l a r i : a t i o n .

On t h e  infinite cy linder s—c find a maximum at -F = I) f o r  K : I  .

the azimuthal variable increases this current drops to a minimum

at a b o u t  -~ = 30° . W i t h  f u r t h e r  i n c r e a s e  in  -F t h e  a m p l i t u d e  of

this surface current increases steadily passing throug h a point of

i n f l e c t  i o n  a t  about ~ = 100 °. I t  c o n t i n u e s  t o  i n c r e a s e  w i t h  -F

and  attains a maximum at 4 = 180° . For tile i n f i n i t e  c y l i n d e r  t h e

squared amplitude of K
~ 

at 4 =180° is about h5 times that at 4 00 .

For future reference i t  i s  a l s o  s i g n i f i c a n t to note that tile squared

a m p l i t u d e  a t  4 = 0° is about 5 times that at the minimum ill the

vicinity of 0 = ‘3 0 °.

Let us next proceed to examine the experimentally obtained surface

current distribution on the s h o r t , open tube for F - p o l a n i  rat ion of
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t he i n c  i d e n t  rad  h i t  Ion, li lt- emp i i ca I r esults obt  t i  i n e d  for

I K z I -F , a ) 2 are shown in fi gure 1 6 . :\ I so i nc I t i ded i n f gu re I 6 a r e

t h e  c o r r e s p o n d i n g  t h e o r e t i c a l  v a l u e s  lot the i n f i n i t e  c~~l inder

subjected to the same i l luminatio n. The i n f i n i t e  c~- I i n d e r  p re di c t i on s

h a v e  b een  n o r m a l  i :t- d t o  t h e  ine as uu -ed  ~- a lue a t  z = 0 and  = 180 °.

At = 0 we f i r s t  n o t e  t h a t  K (‘F ) 1 2  0 for till ~~. Here we would

naturall y expect K~~(-F ) to  ex h i b i t  the clos e st approximation to the

i n f i n i t e  c y l i n d e r  c h a r a c t e t - i s t  i c s .  I n s p e c t i o n of t h e  t - m p i r i c t i l

angular distribution obtained for this c o m p o n e n t  of  s u r f a c e  c u r r e n t ,

as shown i n  f i g u r e  16 , r e v e a l s  t h a t  t h e  q u a l i t a t iv i -  c h a r a c t e r  a t

2 = 0 i s  n e a r l y  i d en t  a l  w i  t h  t h a t  o f  t h e  i n f i n i t e  c y l i n d e r .  (cc

H f i n d  a m a x i m u m  a t  ~ = 0 0  f o l l o w e d  hy  a m i n i m u m  then an i n f l e c t i o n

p o i n t s u b s e q u e n t l y is clearly eviden t and f i n a l l ~ a high maximum

occurs at -p = 180 ° . Al thoug h we have remarkable qua l it - i t i t-c

agreement of til e finite cylinder measured distribution of 1K 2 (:)I

wi th the calculated i n f i n i t e  cylinder d i s t r i b u t i o n  we nt -v e rth ele- ss

ha ve s h a r p  d i f f e r e n c e s  in ti l e quant it at ivt- character 1st ics ol

K*- ,a ) J  f o r t h e  f i n i t e  and i n f i n i t e  c y l i n d e r s . ( h i s  i s  not too

su rp r i s I ng s i nce the length o 1 t h e  f i n  t e t uhe  i on 1 y about t h r e e  -

fourths of the inc ident wavelen gth. -\t = (I we f i n d  t h e  m e a s u r e d

minimum a t  about —p = ‘- - 15° s o m e w h a t  c l o s e r -  to the source than for the

infinite cylinder. The in fle ct ion po u t  I n  t h e  measured di st r i h u t  ion

occurs at about ~ = 130° a l so s h i f t e d  t o s a r d  t h e  sou rce  r e l a t i v e

to  t h e  c a l c u l a t e d  i n f i n i t e  c y l i n d e r  b e a t  i o n  of  t h i s  point. For the

m e a s u r e d  c u r r e n t  J I 2 at  t h e  m a .x  I mu m a t  ‘p = 180° ~ 5 011 1 v a b o u t  f o u r
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times that a t  qi = 0 ° . T h i s  is about 1/16 the corresponding ratio

for the infinite cy linder. Further the measured maximum of K V- z

for the empty finite length tube at -: = 0° i s  abo u t twelve times

the value at the minimum of 1K 2 1 2  a t  -‘F~~~4 S° . T h i s  i s  about twice

the corresponding theoretical ratio for the infinite cy linder.

We thus observe at :=0 the first indications of the marked shiftin g

of the infinite cy linder distribution necessary for obtaining the

s u r f a c e  c u r r e n t  on a finite length conducting tube shose length is

l e s s  t h an the wavelength of the incident radiation. Very roug hl y

spea k i n g  t h e n  we see from fi gure 16 that the normalized infinite

cy linder distribution of IK _ ( 4 , a ) 1 2  fo r  many  a p p l i c a t i o n s  w i l l

p r o b a b l y  be an adequate descri ption of this current around the

center of the finite tube. This is a reasonable approximation from

the direction toward the source i.e. 4 = 180° to the vie ii-i i t y  of  the

minimum at about 4 = ±45° . At z = L/8 = 0 .096 1 we observe that the

measured distribution of jK~ ( 4 , a ) I 2  i s a l m os t  a d u pl i c a t i o n o f t h a t

at z = 0°. The essential difference as we expect is a reduction

in the amplitude at z = L/8. Since t his scan represents a shift

a w a y  f r o m  c e n t e r  of o n l y  a b o u t  1/ 10 of a wavelength and is s t i l l

around a circle relatively well removed from the tube ends this is

a quite reasonable result. As we move further down t h e  open emp t y

conducting tube towards the ends we observe s t r o n g  qualitative

changes in the measured angular distributions of the squared amp li-

tude of the long itudinal component of surface current , IK z (4,a 1 2 .

T h u s  at z = L/4 = 0.1921 we observe a general attenuation in the

a m p l i t u d e  of t h i s  componen t  of  surface cur i-ent all around the tube.
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T h i s  attenuation is hi ghl y accentuated for ~ 45° . Accompanying

this beha t-iour we note that the inflect ion point nt-ar 4 = k13 0°

i s  now i m p e r c e p t i b l e .  l:~j r t i i e r m o r e , t h e  m i n i m u m  for smaller z in

the vicinit ~- of ±45° has now become a maximum althoug h it has

a rather small amplitude . This maximum has a minimum on e i t h e r  s i d e

of it at about - = ±35° and p = + 75° . It should he pointed out that

t h i s  low l y i n g  s t r u c t u r e  i s  i n  a reg i o n  of  q u i t e low si gnal to noise

r a t i o .  ~e v er t h e l e s s  we f i n d  t h a t  as we get even closer to the tube

end at z = 3f/8 = 0.288~ this behaviour on the side away from the

source is again observed. This occurs at hi gher values of amp litude

at this value of It would appear then from the experimental

results that as we approach the ends the long itudinal current

amplitude fluctuates. That is we observe a decrease as z increases

until near the tube end wher~ a sli ght increase occurs and then a

very rapid drop is shown b y I K 2 ( ’( , a ) I 2  v e r y  close to the end of the

t u b e .  In  f a c t  t h e  v a l u e  of I K J - F , a ) 1 2  is l o s t  in  the noise for

z~~ L/2. In fi gure 16 we also inc luded the results obtained using

Kao ‘ 5 computer prograni at tile I imi t of i t s  a c c u r t i c ~- . In  each case

t h e  Kao  r e s u l t s  have  been n o r m a l i z e d  to ~ = 180 ° for the specified

z-value . The norma li:ed Kao d is t r i h u t i o n s  we note from fi gure 16

all have a maximum at 4 = 0 and another hi gher one at ‘F 
= 180° .

Instead of an inflection point they ex h i b i t  instead a minimum in

the vicinity of -p = ~l25 ° and of course an accompany ing sli ghtl y

hi gher maximum just before that at about 4 = ~1l0° . We no te that

this new maximum is about equal in amplitude to that at 4 0° and i s
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ah o u t  o n e - h a l  f that at -
~~ 

= 180° . Kao ‘ s theory pred lets a dec- p

m i i i  i m u m  at about I~ = I 55° At t lie m in i mum t he Kao amp l i t  tide i s

abo u t  o n e -  f o u r t h  that of  the maximum a t  ~p = (1° . N o t e  that for the

l a r g e r Va (ties of : t h a t  i s  as we ge t  c l o s e r  t o  t h e  t u b e  end the

Va l ues p r e~1 i ct e d  1w Kao for I K 1 4 ,a ) J ~ rena  i n  rat he r flat for an

c - \ t e n d e d  r a n g e  in the v i c i n i t y  of the m i n i m u m .  Unlike the measured

di s t r i b u t i o n s  and the in f i n i t e  cylinder predictions Kao ’ s progr am

imp lies on the average a much flatter d i s t r i b u t i o n  of current around

the t h i c k  c y l i n d e r .  On the s i d e  a w a y  f r o n t  the sotirc - I lie n o r m a l  i r ed

t h e o r y  p r e d i c t s  c u r r e n t s  t h a t  a r e  muc~t t oo  h i gh i n a m p l i t u d e .  (cc

p0 i nt out that the values of a t  wh i cii Kao ‘ s d i s t r i but ions were

ob tained were constrained by the requirements of his program.

N e e c - r t h c  l e s s  t hey  c a n  he n o r m a l  i r ed  to  c l o s e h y v a l u e s  o f z a t

which the measured scans wet~c- made and this can  be effected w ith

n egb i g i h l e  r e s u l t  i n g  d i s c r e p a n c i e s .  On t h e  i%T h o l e  i t  would appear

that for the shorter cy linder the K a o  t h e o r e t i c a l  r e s u l t s  f o r

- K ( : ,a) I are in better agi- ec -m e n t  w i t h  t h e  m e a s u r e d  results and

i n  f i n 1 te cy 1 hider theo rv . hIo ~~- v e  r t hey are st  I I  s h o r t  of  sat i s —

fact or  I y desc  r i hi ng t h I s c u r  r e n t  c - y e n  f o r  t h e  c a s e  o f  I / ~ 3/-I

l h  i s i s the s i tuat ion f o r  i . - po 1 a r i rat ion a t  t i n ~ rate

Next let us consider the (list rihut i o n  o f  t h e ti: i tn ut h al component

of current J K0 (4 , a) I 
2 o ve r  t lie open ho l  low c o n d u c t  i ng t tihe . As i s

well known K~~(-p ,a } 0 e v e r y w h e r e  on the outer surface of an i n f i n i t e

cylinder for- I -polarized i l l u m i n a t i o n  at normal incidence. A finit e .

length tube s i m i l a r l y  i r r a d i a t e d  does have tu n  a n g u l a r  c o m p o n e n t  of
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surface current. I n  p r i n c i p l e  t h i s  c o m p o n e n t  is i d e n t i c a l l y  zero

around the center of the f i n i t e  tube. This was borne out vc-rv

clearl y h’.- e x p e r i m e n t .  The  Ka n  t h e o r y  was formulated ‘‘a prior i

to meet t h i s  requ i r e m en t  . -\ccor cl i ng to  convent i ona  I t h e o r y  the

a n g u l a r  c o m p o n e n t  of current a t  the end of’ t h e  f i n i t e  t u b e  becomes

infinite in amplitude. Accordin g ly the Kao theory has been

formulated to y ield this result. I n  the labo rator y of course this

does not occur for a number of tc c-ll established reasons. (cha t

does occur in reality is merel y a growth in amplitude as the end of

the tube is approached. Fi gure 17 shows the results obtained for the

measured angular distributions of the squared amplitude of the

angular component of surface current at  v a r i o u s  distances from the

central circle. (Ve see at z = L/ 8  a fa irl y uni form small angular

component of current exists around the cylinder . This measured

current is extremely small at ‘F 0°. I t then rises s l i gh t l y

exhibiting traces of structural detail as 4 increases and then

drops to a minimum at 4 =180° . At z = 114 = 0 . 1 9 2 1  we see the

m e a s u red  r e s u l t s  i n d i c a t e  a s m a l l  c u r r e n t -  a t  ‘F = 0° wh i c h i n c r e a s e s

sli ghtly to a maximum at about = ~30°. It then steadily falls to

a minimum at about 4 = +75° With further increase i n  -F we find

another increase to a second maximum at about -F = ± 1 2 0 ° . At  t h i s

second maximum the hei ght i s  o n l y  abou t h a l f  that measured at the

first maximum. As the azimuthal position moves further around toward

the source IK~~l ’  drops monotonic ti ll y t o a m i n i m u m  at ~ 
= 180° . Also

shown in fi gure 17 i s  t h e  Kao p t e d i c t  ion for IK ~~
( F,a ) 2 

a t  z = 0.2041.
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Th i s i s c lose nio ug h to z = 1) . I 2 1 f o r  us t o no ima I i e the Ka i

di st r i hut i on to the m e a s u  ret ! cli  st r i hut i on a t  = (1 . 1 92  a nd -p = - ( 0 °

( V h a t  we observ e is more or less general agreement of Kao theor y

w it  h expe r i men t a I re su I t  s a r o u n d  t ii i s sea ii a 1 t ho ug h the no rma 1 I ed

t h e o r y  seems t o  g ive a s l i g h t  l~ lower current t h e n w a s  f o u n d  b y

measurement. -\s we move a l o n g  t h e  t u b e  t o  31J 8 0.  288 1  we

o h s e r v e  i n  t h e  emp i n e a l  r e s u l t s  t h e  g e n e r a l  i n c r e a s e  i n  angular

c u r r e n t  a m p l i t u d e  t h a t  s h o u l d  a p p e a r  as we a p p r o a c h  t h e  end  of t h e

t u b e .  (Ve find a minimum at -~ = 0 ° a m a x i m u m  f i v e  t i m e s  as hi gh at

about = ± 1 0 ° and then at -
~

-
~~~~ 

±800 another mini m u m  of about the

s an e  amp i i t  tide as t h a t  at  - p = 0°. Cont m u  i n g  on a r o u n d  t h e  t u b e

the s q u a r e d  a m p l i t u d e  of t h e  a n g u l a r  c o m p o n e n t  of t h e  s u r f a c e  c u r r e n t

increases to a second maximum a t  about 4 = 1 2 5 ° . T h i s  m a x i m u m

i s onl y a b o u t half as hi gh as the first one on t h e bac k s i d e  of  t he

tube. Finall y a minimum was  measured at ~ = 180° . The amplitude

a t  -
~ 

= 180° was  m e a s u r e d  and found to be about equal to that a t  the

4 = ~- M 0 ° m i n i m u m .  We s u p e r i m p o s e d  in  f i g u r e  17 the Kao predict ion

for this current distribution after first normalizing it to the

e m p i r i c a l l y  observed value at z = 0 . 2 88 1 and  F = -10° . The Kao

results are actuall y for z = 0.3061 and  do n o t  d i f f e r  s u b s t a n t i a l l

from tiic- theoretical values at z = 0.2881 and were therefore normal-

iz c- d to the = 0. 2MM ~ scan. -\s we see in f i g u r e  17 K a o  predicts

prc- t t v much the same max ima and mi n ima a l t h o u g h t1ie~ occur a t

s l i ghtly different azimuthal positions than were found  experi m entally.

The onl y essential difference is the somewhat l o w e r  amp l i t u d e s  for

SO
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the n o r m a  ii red Kao predict i oti s o f  t h e  c u r r e n t amp i i t ii de , on t h e

s i de fac i rig t h e  source , re I at i ye to the mea su red va I ties . lVc a I so

show i n  f i g u r e  I t he r e s u l t s  o b t a i n e d  for the m easured s c a n  of

I K (
~~

- ,a) 2 nc-ti n the \-erv end ol t h e  fin te , open ended , t h i n  t a  l i e d

concluc t i rig tube. We riot -c- that the d is t r i hut i o n  i s v e r y  much 1 i ke

t h a t  at = 3L/ 8  = 0. 2 88~ w i t h s ub s t a n t  i a l  a m p l  i f i c a t  ion of t h e

amp litude except at ~ = 0° ari d 180°. If we c o u l d  m e a s u r e  c l o s e r

to  t he  ed ge we w ou ld p r o b a b l y f i n d  a f u r t h e r  i n c r e a s e  i n  amp l i t u d e .

tjnfortunatelv there is a c o n c a t e n a t i o n  of p r a c t i c a l  l i m i t a t i o n s

that preclude ever getting to an edge of a real tubs’ in the

laho r;ttory . For the a n g u l a r  c u r r e n t  component se t h u s  n o t e  t h a t

the Kao theory when -appropriatel y norma lized does g ive reasonably

a c c u r a t e  p r e d i c t  i o n s  f o r  t h e  amp l i t u de i n t h e case of a stiu rt tribe

at l~-po l a n iz e d normal incidence .

The final case we considered is that of t h e  same  f i n i t e  l e n g t h

tube normal lv irradiated by t u e same w a v e l  ( - n g t h  electroma gne t - ic

p l a n e  wti v c- hut this time with the incident e lectric field po larized

normal to the cylinder axis. This is the 11-polarized case. A s we

s h a l l  see i n  the course of the discussion that f o l l o w s  t h i s  part i c u l z i r

d i f f r a c t i o n  problem is a v e r y  i n t e r e s t i n g  o n e .  B e f o r e  p r o c e e d i n g  to

t L -  c - x p c - r i m e n t a l  results themselves it is interesting and qui te

u n o ~ -- ; i t l y e  t o  pause and reflect on ho is tiic- c o m p e t i n g  c o n s t r a i n t s

r I - n ’ i n t hi s cli  f f r a c t  i o n  ~ rob [em i r i t e  r ae  t and produ ce the

- - ii ni~ c i i  r e r i  t di st n i but ions.

- i ’ In the inc i d e n t  rad I at ion , we reca 1 1 , I s d i  rec ted

n i n u  1 t o  t he d i  f f r a c t  i n g ,  t a rgct . l h c  I at  t e n -  i s  a

S I 
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h u l l  ow e it - e l i I a i- cv I I n d r  i ca I tul)e . ‘[he magnet i c l i e  I d  of  t h e  i n c  i d e n t

c i  ec-t r o m a g n e t  i c P lane wave i s  a l i g n e d  para I h -I t n the ax  i s  of t h e

t a r g e t  cv 1 i rid er i . e . we h a v e  II - po lar i r a t  io n . Ihe w ave l e n g t h  of t h e

inc ident e lect r-omagnet Ic radi at ion exc c-c- d s the len gth of the cvl i rider

it is i r r a d i a t i n g  and it f i t s  2 .10 times around its c i r c u m f e r e n c e .

‘l he open --ended t h i n  w a l l e d  c y l i n d r i c a l  t u b e  h a s  a sharp ed ge at

eac h of  i t s  e n d s .  B e c a u s e  of t h e  g e o m e t r y  a n d  c o r r e s p o n d i  rig s y m m e t  rv

w e e x p e c t  to  h a v c - o n l y  an a: i n i u t h t i l  c o m p o n e n t  of  s u r f a c e  c u r r e n t  on

the outside wa 1l of the tube around t h e  c e n t r a l  c i r c l e , i . e .  at

= 0. The angular distribution of t h i s  c u r n e n t  c o m p o n e n t  s h o u l d ,

at the ver y least , q u a l  i t a t i v e l v  m o r e  o r  l c - s s  c l o s c - l y  r e s e m b l e  t h e

c u r r e n t  on an i n f i n i t e  c i r c u l a r  c y l i n d e r  w i t h  c i r c u m f e r e n c e  to

wave length rat io -y = 2 . 4 0 f o r  I l - p o l a n i  z a t  i o n . S i n c e  t h e  t a r g e t

c y l i n d e r  i s  s m a l l e r  l e n g t h w i s e  t h a n  the )%ti vel en gt h of the exciting

r a d i  a t  ion K , or - t h e  a: imuth al c o m p o n e n t  o f  s u n  lace c u r r e n t  i s

f o r c e d  t o va rv s low! v w i th z as i~c’ move awti ’,- f r o m  t h e ce n t r a l  c i  r c I c

towards the t u b e  e n d s .  ,-\s we a p p r o a c h  very close to the ends of the

c y l i n d r i c a l  t u b e  t h e  a z i m u t h a l  c o m p o n e n t  m u s t  increase. Ihe closer

to the tube end we get the faster must this increase hecome . (Ve

thus obsenv e the presence of t w o  c o m p e t i n g  c o n s t r a i n t s .  N e a r  t h e

t u b e  cen t er , z~~ 0, on e effec t w i l l  dominate. We should expec t to

find for z = 0 and  for some reg ion nearh~- , probabl y to less than

halfway from the center to the tube eric! , there w i l l  he an angular

c o m p o n e n t  of su r  fac t ’  c u r r e n t  t h a t  i s  relat i v e l v  independent of  t h e

l o n g i t u d i n a l  c o o r d i n a t e  z . Out  i n  the v i c i n i t y  of the ecI~ es , or

tube ends , the other requ i rent-nt w i l l  dominate and the angu ia r
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in t oi~a rd t he center at : = 3 1/ -I  ~~~ 1’ i rid t he c Ull ) I n  eti I r e s i i  I t  s
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component of current w i l l  increase around the tube over that at and

ne t -ir  z = 0. Ib is is m o s t  l i k - l v  to  become e v i d e n t  at z - (/4 i.e.

c l o s e r to the ends than to the cc-nt e r . o v e r  th at port ion of the

tube in the vicinity of z ~~1/-1 we should not he surprised to finn!

some hy bridization of effects due to 1)0th requirements. For some

values of azimuth we may  fi nd K incre a sing with : and for others

it may he temporarily decr c-asin g wit - hi respect to t h e  l o n g i t u d i n a l

coordinate. Formal theoretical considerations require that K )

becomes infinite at the actual tube ends. In any real laborator y

situation , however , this is never realized since an end of a tube -

never fully achieves the required characteristics of the theoretic al

tube end. Practical limitations on ph ysical d i m e n s i o n s  of sensors

preclude any measurement precisely a t  an ideal ed ge. Nevertheless ,

real sensor:; utilized for mt -asu ni rig on real tubes should reveal an

increas ing K
4 

as z approach es 1/2 , the tube eric!. Since the diffracting

cylinder is finite in length there is a long itudinal surface current

component K z on the outer w a l l  of tube. ‘[his cut-rent component is

identically :ero around the tube for z = 0. ibis is due to the

circular cylindrical geometry and mirror symmetr y in t h e  :-direction .

Again the fact that the cvi i ri der l e n g t h  is exceed -cl by the wavelength

of t h e  i n c i d e n t  r a d i a t i o n  r e q u i r e s  t h a t  ~~~ axial or long itudinal

c o m p o n e n t  of s u r f a c e  c u r r c - n t  K~ he a r e l a t i v e l y  s l o w l y  t- -I r v i n g

f u n c t i o n  of z in )  t h e  n e i g h b o r h o o d  o f  : = 0. T h i s  should persist

out to about z ~ 1/4. Now th i stir face current component is d i  r e c t e d

normal to the ends of t lie tube . Consequent ly us we app  roach the tube
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ends this component , K
~~
, should fall o f f  rapidly for all 4. We

now have a componen t of surface current that is identically zero

at z = 0 and a g a i n  at z = L/2 . This current must remain relativel y

small over the ranges 0 < z < L/4 and z ~~ , L / 2 .  R e c a l l  t h a t  the

dis tance from the cen ter of the tube to the end of the tube is

L/2 0.3831. This distance is appreciabl y less than half a wave-

length. Thus we should expect to find for some small range of z ,

imbedded in L/2 > z > L/4 , that the long itudinal component of current

on the outer wall of the cylindrical tube experiences a significant

increase over that near the center and ends of the tube. Neverthe-

less , this component for a real tube should stay quite small over

the enti re tube. Thus as z increases from the cen ter we sho u ld

expec t K
~ 

to be iden ti cal l y  ze ro a t ze ro , incr ease s lowly at f i rs t

then more rapidly out beyond z = L/4 and , thereafter attenuate very

rap idly as z approaches the tube end at L/2. Upon reflection then

we can conclude that for this c ase of a “short ,” fat , uncapped ,

c i rcular , conduc ting tube at H-polarization except perhaps at the very

end of the finit e tube we have the c loses t approxima t ion to inf ini te

cyl inder behaviour , thi s is true a t leas t for the ex ter ior su r face

curren ts. We next consider the results obtained in the laboratory

for  the  d i s t r i b u t i o n  of the induced surface curren ts over this

cyl inder wh ich we s t a t e  in advance  and s h a l l  s h o r t l y  see do indeed

corrobora te this prediction of the response of the tube.

F i g u r e  18 d i s p l a y s  the  r e s u l t s  of m e a s u r e m e n t  of t he  a n g u l a r

d i s t r i b u t i o n  of the squared  a m p l i t u d e  of the  a z i m u t h a l  component  of

s u r f a c e  c u r r e n t  at  s eve ra l  long i t u d i n a l  p o s i t i o n s  a l o n g  the  f i n i t e
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l e n g t h  c i r c u l a r  c y l i n d r i c a l  t u b e .  It also contains the corresponding

t h e o r e t i c a l  p r e d i c t i o n  for  the  c u r r e n t  on the  o u t s i d e  w a l l  of an

infin itely long circular cylinder for H-polarization. What the

infinite cylinder theory predicts for 1K 4 (0 , a ) 1 2  is a maximum at

= 0° fol lowed by a minimum at abou t ~ = ±27° . As the azimuthal

coordina te advances around the cyl inder the in fin it e cylinder curre nt

ampl itude squared rises steadily, passes through an inflection point

at about 4 = ±80° and then continues to increase as 4 increases

until it attains a hi gh peak at a maximum at 4 = 180° . S inc e a l l

the exper imen tal curves for K
4
!2 passed through a common po int for

4 = ±30° we normalized the infinite cylinder results to the value

of 1K 4 1 2 / 1H 0 1 2  at  z = 0 and 4 = ±30° . This normalized infinite

cylinder curren t distr ibuti on is the one show n in f igure 18. The

height at the hi gh peak at 4 = 180° is about five times that at the

peak at 4 = 0° and about 2.5 times that at the inflexion point near

4 = ±80° . A l s o  the inf init e cyl inde r pred ic ts tha t the peak va lue

of ~K 0
I 2  at 4 = 0° is abou t four tim es the value of 1K 4

1 2 at the

minimum near 4 = ±27° . At z = 0 the measured values of the distri-

bution of J K
4 

2 should mos t closely be approximated by the infinite

cylinder pred ictions. What we find empirically is a maximum at

= 0° followed by a minimum at about ~ = ± 2 7 ° . r n s t e a d  of an

i n f l e c t i o n  p o i n t  near  the  top and bo tt om of the f init e cyl inder

we f i n d  e m p i r i c a l l y  the  c u r r e n t  d i s t r i b u t i o n  has been r e so lved  so

as to show a m a x i m u m  at about  4 = ± 7 0 °  and then  a s l i ght  drop to

a m i n i m u m  at about  4 = ±85° . T h i s  is then  f o l l o w e d  by a m o n o t o n i c

inc rease  to a m a x i m u m  at 4 = 180° . The ratio of J K 4 
2 at the  two
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Let  us n e x t  p roceeu  t o  e x a r n i uc - t h e  e x p e l - i m e r i t  a 1 l y  o b t a i n e d  s u r f a c e

c u r r e n t  d i s t r i b u t i o n  on the short , open t u b e  Ion - F - p o l a r i z a t i o n  of
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.
H-POLARIZATION
A = 23.2 cm , Y 2.40, 2h LI)’ = 0.766

5.0 — D L 7” (17.8 cm)
• IN FINITE CYLINDER THEORY

(NORMA L IZEDAT c= 30° )  •
X EXPERIMENTAL DATA AT z L/8 i. = 0
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FIG. 18 ANGULAR DISTRIBUTION OF SURFACE CURRENT IK~ i
2 ALONG HOLLOW CYLINDER

OF DIAMETER 0 = 7’ (17.8 cm) - LENGTH L.
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measured current IK 7V a t  the mni ti xim u i n at 4 = 1800 is onl y about 1011 1’
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peaks  4 = 180° and 0 = 0° is about five to one. At 4 = 180 ° the

peak hei ght of K4
1 2 i s  j u s t  a h i t  less than 2.5 times the average

peak he i ght of K
4

j2 over the range 4 = ±70° to 4 = ±90° . A lso  the

measured p eak he i ght at 4 = 0° is about four times the measured

value of 1K 4
1 2 at the minimum near 4 = ±27° . Thus excep t for the

detailed structure in the distribution from 4~~~70° to 4~~~90° the

.-neasured angular distribution of 1K 0
(0,a)l at z = 0 for the finite

tube is qualitatively very similar to the normalized pred ic t ions

of inf inite cylinder theory . Even in the range of 4~~~70° to 4~~ 90°

there is no re ally outstanding d i f feren ce from the normal i z ed

infinite cylinder distributions . Quantitatively we find the measured

distribution for 1K
0

! at z = 0 at worst only lies sli gh tly above

the normalized infinite cylinder predictions for angular position

~ 
less than about 75° . Thereafter it lies below the normalized

infinite cylinder predictions. Actually for most of the range it

differs from the normalized in-finite cylinder theory predictions

by about 13%. Note next that if we move out along the finite tube

to z = L/8 = 0.096)’ the measured angular scan of K
4
(4)12 n e a r l y

co incides with that for z = 0. The princi pal d i f fer ence can be

seen near the top and bottom of the finite length tube where just

around on the shadow side the structural detail consisting of a

m inimum and a maximum is sharpened up a hit for z = 118 over that

for z = 0. Mov ing further out towards the ends of the tube to

z = L/4 = 0.192)’ we find preci sely the same qualitative character-

istics for 1K 4(0 , a )12 . The positions of the minima can he seen in

‘ fi gure 18 to have shif ted sli ghtly towards 4 = 0°. For lo l  less

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - -
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th an abou t 107° the measured 1K 4
1 2 at worst lies below the measured

J K
0

J 2 for z = 0. It then lies sli ghtly hi gher than the z = 0 current

distribution ~p to about 4 = ±148° . Thereafter it lies below that

distribution. For = L/4 ~~~ maximum and minimum just before

4 = ±90° occur over a smaller range of azimuth and hence appear

somewha t more  st ro ng ly  emp has i zed . At z = 3L/8 = 0.288)’ we are

closer to the tube end than to the tube center. The measurements

show that up to about 4 = ±30° 1K 4 
2 is pretty nearly the same for

z = 3L/ 8 as for  z = L / 4 .  Then as 4 increases the distribution at

z = 3L/ 8 rises above and rema ins above the z = 0 and z = L/4

dis tributions up to about 4 = ±107° . At that point we are around

on the front side of the tube facing the incoming radiation. As

4 then increases  on around to 180° the z = 3L/8 distribution for

1K 4 (0 , a ) l  lies below that for z = 0 and that for z = L/4.  Over

this latter range of azimuthal position all three distributions

l ie pretty close together. We do see a spread of the fine structure

at the top and bottom of the tube for z 3L/8. The maximum is at

about 4 = ±67° and the minimum at about 4 = ±88° . In addition to

the  spread in 4 there is now a sharper increase in the ratio of

height at maximu qi to that at minimum . As we expect the greatest

changes occur as the tube end is app roached . We mea su red the angular

d i s t r i b u t i o n  of 1K 4 (4 , a ) 12 / 1 11 0 1 2 qui te c l o s e  to the end a t z ~ L IZ.

Because of practical limitations it is impossible to get accurate

measurements  at z = L/ 2 .  We obse rve  f r o m  t h e  r e s u l t s  t h a t  out near

the  ends 1K 0 1 assumes  i t s  l a r g e s t  v a l u e s  fo r  t he  range of a z i m u t h

from 4 = 0° to about 4 = ±20° . A m aximum occurs at 4 = 0° of course.
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A minimum was o b s e r v e d  at  t h i s  o u t e r m o s t  scan  that lies at about

= k27° . In the v ic i n i t y  of this minimum K
4J drop s sli gh t ly

below the values obtained for scans taken closer to the tube center.

As the ang le 1 increases the z ~ L/2 scan of K
4 

2 nearly coi nc ides

with that for = 3L/8 and both lie above all the other scans . This

characteristic persists until about 4 = ±45°. Prom that azimuthal

position on around to 4 = 180° on the incident side the angular

distribution of 1 K 4 ( 4 , a ) f  f o r  the outermost long itudinal position

rises rather si gnificantly above all the other angular scans of

K
4
(~~,a) l . The reg ion in which the minimum and maximum occur near

the top and bottom of the finite tube is enlarged and now ranges

from about ~ = ± 4 5 °  to abo ut  4 = ±110° . At this outermost scan the

maximum is at about -
~ = ± 7 0 °  and is prett y much at the same azimuthal

position as found for the inner scans. The minimum on the other hand

has nr-~ved further around to the incident side to about 4 = ±95° .

= 0° the peak heig ht for K
4
!2 is only sli gh t ly h ig her  and abou t

equal to that for z = 0. At the intermediate peak near 4 = ±70°

the measured 1K
4 

2 for ~ L/Z is about 1. 3 times that for z = 0.

At -
~~ = 1800 K

4
!2 for the outer scan is only about 7-8% hi gher than

the  v a l u e  o b t a i n e d  f o r  K
4

!2 a t z = 0 . A l l  i n a l l  we no te in summary

that the measured results for K
4

!2 over the finite tube are in good

agreement with what we should have expected for this physical quantity.

We a l s o  show i n  f i g u r e  18 t h e  a n g u l a r  d i s t r i b u t i o n s  fo r

predicted by C. C. Kao. Since all of these theoretical distributions

have extremely small amplitudes at 4 = ±30° we no rmali zed the angul ar

d i s t r i b u t i o n s  for  each v a l u e  of z to the measured results at 4 = 0°.
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This then facilitates comparing the results from the approximate

t heo ry  of Kao to  b o t h  t h e  m e a s u r e d  da t a  and i n f i n i t e  c y l i n d e r  t h e o r y .

The Kao t heo ry  of course  i s  f o r m u l a t e d  to cause 1K 4! to become

s ingular a t z = LIZ. For each angular dist r ibuti on we f ind a

maximum at 0 = 0° and another at 4 = 180°. Similar to the measured

results we observe not an inflexion point near the top and bottom

of the tube but a maximum and minimum . Also Kao predicts a minimum

near  4 = ±30°  in agreement  with infinite cylinder theory and the

measured resul ts. Even though we find these qualitative character-

i s t i c s  in r e l a t i v e l y  good agreement  the same does not  appear  t r u e

for the quantitative behavior of Kao ’s resul ts. The mos t st rik ing

devia tion probably occurs near 4 = ±30° where the Kao theory pred i c t s

the  occurrence of p r e t t y  near l y a nul- l in 1K 4! for  a l l  z < L / 2 .  Th i s

does no t occur in the infini te cylinder pred ic t ion nor in the me asured

resul ts for z = 0 (or for any measured scan at the other z positions).

The intermediate maxima for each z is predicted to lie at about

4 = ±70° in agreement with the measurements . The acco mpanying

minimum according to the Kao theory lies on the incident side of

the f i n i t e  l e n g t h  tube .  For each va lue  of z the  Kao p o s i t i o n  of

t h i s  m i n i m u m  is at 4 = ±100° . Only the correspond ing minimum for

the outermost experimental scan of 1K 4
!2 app~ ox ima tes to this

c h a r a c t e r i s t i c .  O v e r a l l  we note  t h a t  the  n o r m a l i z e d  Kao a n g u l a r

d i s t r i b u t i o n  for  1K 0
!2 for z = 0 is not  g r e a t l y  d i f f e r e n t  f rom the

measured resul ts for 4<±25° , 35°<4<80° and for ~>l55° . There is a

much l a r g e r  d i s c r e p a n c y  t h a t  is q u i t e  e v i d e n t  fo r  the  r e m a i n i n g
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azimuthal values. For larger z or greater distances from the center

we observe in fi gure 18 that the normalized Kao theory predicts

for 4>90° that K
4

!2 decreases as z increases. This is fi ii al lv

offset b y the the ory g iving infinite K
4

!2 at z = L/2. All in all

the normalized Kao theory predict s angular distributions of

K
4(4,

a) 12 that are too low in value for 4>25° for all values of

long itudinal coordinates z < L / 2 .  For z = 0 the normalized Kao

theory g ives an angular distribution that is too far out of agreement

with the infinite cylinder prediction for 1K 4 (4 , a ) ! 2 .

Let us now turn our attention to the other component of surface

current on the outer wall of the finite length tube. We repeat that

this component does not exist for the infinite circular cylinder

at I-I-polarization. In figure 19 we display the measured results

for IK~
(
~
,a) I2 /IH 0 l 2 at various positions z along the length of the

tube. For z = 0 we found K Z !2 is identica l1~- zero for all ~~. At

z = L/8 the si gnal for lK
~~

j2 is well imbedded in the noise. Thus

for all ~ this measured angular distribution is quite close to zero

also. For z = 0 Kao ’ s theory “a priori” g ives K 7 !2 0 for all 4.

For z = 0 .l02A ~ L/8 Kao ’ s theory still pre~~icts a very small ,

almos t zero ampl it ude fo r K
~ 

for till 0. Thus at Ic- ast n e a r  t h e

c e n t e r  l i n e  of t he  f i n i t e  l e n g t h  circula r cytindrical tube the

measurements are coincident with infinite cylinder theory and the

approx imate Ka~ theory. At z = L / 4  = 0.192)’ the mr~asured results

indicate a null for IK
~~
(0,a)!2 at 4 = G~~. As 4 increases IK z ! 2

i n c r e a s e s  f o r  z = L/ 4  and a t t a i n s  a s m a l l  m a x i m u m  at  about  4 = -4- 3 7° ~
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snown in  i n  g u r e  I I Is tti e Kao pre d ict ion lor K
1 
( - ,a ) I ‘ at z = 0.204)’.

78

NSWC/WOL/TR 76-74

N
0 - -

- H-POLARIZATION
A 23.2 cm , Y = 2.40, 2h = L/)’ = 0.766

4 , D= L = 7 ” (17,8 cm)

N
1.0 —

KAO THEORY (NORMALIZED AT~~= 40°)0
Ozi0 .267L (N 8)

A z = 0.400L

300 900 120° 150° 180°

FIG. 19 ANGULAR DISTR iBUTION OF SURFACE CURRENT IK zI2 ALONG HOLLOW
CYLIND ER OF DIAMETER D=7” = LENGTH L.

92

- - ~-
- ; - .-‘~

-.-



.7 ()

N SW C / W O L / T R  76-74

Thereafter as 4 increases IK~~
(
~~
,t l ) i decreases relatively rapidl y

at first and then very slowl y from about 4 = ±60° to another null

at 4 = 180° . As we show in I igure 1 9 t h e  Kao theoretical values

for z = 0.267L~~ L/4 normalized to ~ I = 40° and z = L/4 g ive pretty

m u c h  the same r e s u l t s  f o r  K j4 , a )  as the measurements. The

maximum for the Kao r e s u l t  o c c u r s  f o r  a l a r g e r  v a l u e  of  a z i m u t h ,

somewhere about 4 = ±43° . As we move further away from the center

line of the cylinder and are closer to the tube end we find for

example the measured angular d i s t r i b u t i o n  shown in fi gure 19 for

z = 3L/8 . There is again a null at 4~ 
= 00 and then a maximum at

about 4 = ±43° . As 4 increases further the measured K ,!2 fa l l s

off just as fast as it climbed up to the m a x i m u m . Prom 4~~ 80° on

it then attenuates at a much slower rate and vanishes at I: = 180° .

The Ka o result s for a z sl ightly further out , z = 0.400L , were

normalized to the measured results at z = 3118 and ~ = 40° . As

can be seen in  fi gure 19 , the normalized K a o  d i s t r i b u t i o n  for

I K~~(4,a) !2 nearly coincides with the m easured results except near

the top and bottom of the t u b e  where it C a l l s  s o m e w h t i t  l ow e r  than

was ohscrved empirically. Thus far we find th at K , HI ,a ) I  is

b e h a v i n g  both experimentally tind theore t i c a l l y  t i s we expected it

to. Kao ’ s theory has two t i d j  t i s t a b l e  p a r a n n m e t e r s  that force K z (4
~ ~~ )

to vanish t i t  z = ±L/Z j .e . tit the ends of the finite length tube.

As we a p p r o a c h  t h e  t u b e  end  i n  t h e  l a b o r a t o r y  we find thtit K 8 (~~,a)!

does indeed  a t t e n u a t e  c o n s i d e r a b l y .  I n  f i g u r e  19 we show for

z < 112 the measured !K~~( o , a )  1 2  d i s t r i b u t i o n . Tt has t i  null at
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= 0° and also -a t 4 = 180° . In  a d d i t i o n it indicates a maximum

around ~ = ± 5 0 0 . Overall it shows a slow variation in hei ght for

all ~ and a general decrease from the angular distribution measured

for z = 3L/8.

I n  s u m m a r y  t h e n  bo th  I K -j o, a) I and 1K
4
(4,a) I exhibit empirically

j u s t  t he  b e h a v i o u r  we can e x p e c t  to find for this diffractio n

p r o b l e m .  The Kao t h e o r y  is  somewha t  b e t t e r  ab le  to h a n d l e  t h i s

short cylinder at F l - p o l a r i z a t i o n .  If one considers that the

average K
~

(
~
,a )I for each fized z-scan is rather small we find

that unless great detail is needed t h e  n o r m a l i z e d  i n f in i t e  c y l i n d e r

theor pretty well describes the finite cylinder surface current

distribution and will prove adequate for most practical situations

to approximate to the short cylinder at H-polarization. The

behaviour at the very end of the tube will still require some

additional improvement over the infinite cylinder theory.

(
• )
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IV. CONCLUS IONS AND SUMMARY

We have presented the results of resonance reg ion measurements

of internal fields at the axis of a finite cylinder of circular

cross-section illuminated normally by i -polarized plane electromag-

netic radiation. One of the more interesting consequences of

these measurements was the observation that an incident longitudina ll~

polarized wave can drive the open tube ends and thereb y launch in the

interior a radial distribution of electric field. Although in the

particular problem investigated and reported on here this was found

to be an i~nefficient mechanism to produce this cross polarization

excitation it does not necessarily follow that this is an insi gni-

ficant phenomenon in general. Results of a second investi gation

namely the measurement of the surface charge density distribution

on the inner curved wall of the open ended c i rcula r tube of f init e

length induced by H-polarized incident radiation were also presented

and discussed. These are probably the first measurements of the

internal surface charge density distribution for a short fat open

cylindrical tube of length about 3X/4 and for a similar but longer

tube of length about 5X/2 . We also presented and discussed the

measured surface charge density d i stribution on the outer wall

of these open cylindrical tubes. Again these are probably the first

such measurements reported on for such finite length tubes. F inall y

we discussed the emp irical results ob t u ined for the current density

distribution on the outside wall of each of these tubes for both

E-polarized and H-po larized incident electromagnetic plane waves.

L
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We compared where appropriate the predictions of infinite cylinder

theory for ampli tudes of charge densities and components of surface

current to the corresponding measured quantities and assessed the

reliabil it y of approxima ting v ia the simp le inf ini te cylinder theory .

In addition we compared , wherever we cou ld , the predi ct ed dist ribu-

ti ons us ing the theory developed by Kao. Generally we found that

this latter approximate analytic approach did not yield sufficiently

reliable results . Al though for shor ter lengt h cylinders it gave

relatively better predictions .

We have investi gated an ex treme case of aper ture s in a con-

ducting body of fini te dimensions subjected to irradiation by a

plane wave of wavelength comparable in size to these characteristic

dimensions . The symmetry observed empirically in and

Io (~ )I 2 relative to the ~ and z coordinates requires that the field

components on and inside the open ended tubes must satisfy some

very important symmetry requirements themselves. By utilizing these

experimentally obtained results major simplifications can be made

in the coup led s imultaneous equa t ions that appear when a purely

analytic solution is attempted for the finite cy linder diffraction

problem. We shall show in subsequent reports how this does indeed

facilitate the theoretical solution of this rather difficult problem.
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